Characterization of Novel Thin-Films and Structures for Integrated Circuit and Photovoltaic Applications by Zhao, Zhao (Author) et al.
Characterization of Novel Thin-Films and Structures for Integrated Circuit and 
Photovoltaic Applications 
by 
Zhao Zhao 
 
 
 
 
 
A Dissertation Presented in Partial Fulfillment  
of the Requirements for the Degree  
Doctor of Philosophy  
 
 
 
 
 
 
 
 
 
 
Approved February 2017 by the 
Graduate Supervisory Committee:  
 
Terry Alford, Chair 
Shahriar Anwar 
David Theodore 
 
 
 
 
 
 
 
 
 
 
ARIZONA STATE UNIVERSITY  
May 2017  
 
i 
 
ABSTRACT 
 
Thin films have been widely used in various applications. This research focuses 
on the characterization of novel thin films in the integrated circuits and photovoltaic 
techniques. The ion implanted layer in silicon can be treated as ion implanted thin film, 
which plays an essential role in the integrated circuits fabrication. Novel rapid annealing 
methods, i.e. microwave annealing and laser annealing, are conducted to activate ion 
dopants and repair the damages, and then are compared with the conventional rapid 
thermal annealing (RTA). In terms of As+ and P+ implanted Si, the electrical and 
structural characterization confirms that the microwave and laser annealing can achieve 
more efficient dopant activation and recrystallization than conventional RTA. The 
efficient dopant activation in microwave annealing is attributed to ion hopping under 
microwave field, while the liquid phase growth in laser annealing provides its efficient 
dopant activation. The characterization of dopants diffusion shows no visible diffusion 
after microwave annealing, some extent of end range of diffusion after RTA, and 
significant dopant diffusion after laser annealing.  
For photovoltaic applications, an indium-free novel three-layer thin-film structure 
(transparent composited electrode (TCE)) is demonstrated as a promising transparent 
conductive electrode for solar cells. The characterization of TCE mainly focuses on its 
optical and electrical properties. Transfer matrix method for optical transmittance 
calculation is validated and proved to be a desirable method for predicting transmittance 
of TCE containing continuous metal layer, and can estimate the trend of transmittance as 
the layer thickness changes. TiO2/Ag/TiO2 (TAgT) electrode for organic solar cells 
(OSCs) is then designed using numerical simulation and shows much higher Haacke 
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figure of merit than indium tin oxide (ITO). In addition, TAgT based OSC shows better 
performance than ITO based OSC when compatible hole transfer layer is employed. The 
electrical and structural characterization of hole transfer layers (HTLs) in OSCs reveals 
MoO3 is the compatible HTL for TAgT anode. In the end, the reactive ink printed Ag 
film for solar cell contact application is studied by characterizing its electromigration 
lifetime. A percolative model is proposed and validated for predicting the resistivity and 
lifetime of printed Ag thin films containing porous structure. 
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1. INTRODUCTION 
1.1. Ion Implanted Thin-Film 
1.1.1. Ion Implantation 
In semiconductor industry, introducing dopants into the intrinsic semiconductor is 
the most common way to obtain a thin-film layer in low resistivity for semiconductor 
applications1. Methods of introducing dopant atoms include: diffusion and ion 
implantation. The most commonly used method is ion implantation in which the dopant 
atoms are ionized and accelerated to 10 - 150 keV energy or higher and bombarded into 
the wafer. During this process, a large amount of vacancies and disordered array of atoms 
(i.e., damages) are created in the wafer surface, leading to amorphizationof the implanted 
layer2. 
The advantage of ion implantation is that the specific dose or amount of ions 
(dopant atoms) are precisely introduced into silicon. The amount of ions (dose) can be 
easily controlled by increase the implantation time or current, which allows the subtle 
tailoring of dose in metal-oxide-semiconductor (MOS) devices. Moreover, the depth of 
ion can also be easily controlled by the implantation energy3. The ideal distribution of 
implanted ion is a Gaussian distribution3. The depth of the peak concentration is call 
projected range (Rp), which depends on the energy, mass of incident ions and the atomic 
number of matrix material4. Heave ions typically has shorter Rp, but light ions has longer 
Rp. The straggle (ΔRp) is defined to represent the standard deviation of ion distribution4. 
In reality, ion profile is not a perfect Gaussian distribution. For light ions will high 
energy, the distribution is possible shifted towards the surface due to backscattering and 
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this is called negative skewness. For heavy ions at low energy, positive skewness might 
happen, in which the profile might be shifted toward the end due to ion channeling3.  
1.1.1.1 Nuclear stopping and electronic stopping 
When dopants are implanted into the Si wafers, they travel through the material, 
collide with atoms and finally come to rest due to the loss of energy1. The loss of energy 
has two mechanisms: nuclear stopping and electronic stopping5. Depending on the 
implantation energy, the nuclear stopping or electronic stopping dominates and the extent 
of the damage varies. The higher implantation energy does not necessarily mean more 
damage. In nuclear energy loss, ions with low incident energy are able to interact with 
atomic cores of materials and lose energy in their elastic collision5. Ions transfer energy 
to atoms, resulting in eventual displacement of these atoms5.  Hence, damage is created in 
this process. In electronic energy loss event, the energetic particles with high velocity 
lose energy primarily through inelastic collisions with electron cloud, transferring energy 
to electrons, resulting in little damage5. Based on the energy loss mechanism, if two kinds 
of dopants species implanted with the same energy, they may experience different energy 
loss because their different masses lead to different energy loss mechanism. Therefore, 
different dopants with same implantation energy can cause different levels of damage. It 
is reported that for boron, electronic energy loss dominates in the range of 10 to 1000 
keV, while for arsenic and phosphorus, the electronic energy loss dominates after 
energies of 130 and 700 keV, respectively5, 6. In our study, boron and phosphorus ions are 
implanted with energy of 15 keV. According to the energy range of the two energy-loss 
mechanisms in Si for different implants6, boron implants mainly experience electronic 
loss; while, nuclear energy loss dominates in phosphorus implanted samples, suggesting 
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that phosphorus dopants cause more damage than boron dopants do. The damage can be 
characterized by ion channeling in Rutherford backscattering Spectrometry (RBS). 
1.1.1.2 Defects and Amorphization in Ion Implanted Silicon 
The ion implantation not only creates vacancies and disordered array of atoms, 
but also introduces excess ions into the silicon. A damage model called “+1” is 
introduced to describe the defects due to excess ions. This model assumes that the net 
effect of an implant is to introduce one extra interstitials when the ion is implanted into 
silicon3. This model has been widely accepted and used to explain many effects during 
damage removal and dopants diffusion3. 
Ion implantation is not necessary to create amorphous layer because the 
amorphization threshold has to be met. The implant dose for amorphous layer first 
appears is called threshold dose. It depends on both ion mass and implant temperature7. 
The light ions require a higher threshold dose than heavy ions do; at the same time the 
room temperature implantation needs a higher dose than the liquid temperature 
implantation does to create amorphous layer7. For example, the threshold dose for 
amorphization at 30 °C is 8  1016 and 6  1014 cm-2 for boron and phosphorous dopants, 
respectively, while the threshold dose at –170 °C is 1  1015 and 2  1014 cm-2 for B and P 
dopants, respectively7.  
1.1.2. Post-Implantation Annealing 
The damage are typically removed by post implantation annealing. During the 
annealing, the silicon lattice is restored and the dopants are moved to substitutional 
position.  
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1.1.2.1 Damage Removal and Evolution During Annealing 
1.1.2.1.1 Solid Phase Epitaxial Regrowth  
In the amorphous region of the ion implanted sample, the amorphous layer 
experiences a solid phase epitaxial (SPE) regrowth, in which the layer-by-layer epitaxial 
re-arrangement starts from the amorphous/crystalline (a/c) interface3. Most of the primary 
damage in the amorphous region are removed and most of the dopant atoms in the 
amorphous region are incorporated into the substitutional sites during SPE3. In addition, 
due to the low temperature requirement of SPE, no dopant diffusion occurs3. In fact, SPE 
simultaneously enables all the damage removal and high extent of dopant activation 
without noticeable dopant diffusion3.  
1.1.2.1.2 Removal of primary defects and secondary defects  
In the damage region not having completely amorphization, most of the Frenkel 
defect pairs can undergo bulk recombination at low temperature of 400 °C in the initial 
stage of annealing3. During this process, nearly all the vacancy and interstitials are 
removed and only the interstitials defects due to extra implanted ions remains3. 
Considering atom lost due to implant sputtering near the surface and vacancies captured 
in the native oxide layer, the amount of interstitials is not the same but approximately 
approaches the implant dose according to the “+1” damage model as we mentioned in 
previous section3, It should be noted that the remaining interstitials are either dopant ions 
or Si self-interstitials.  
Then the Si interstitials are quickly condense into rod-shaped defect clusters and 
lies on 8 plane of silicon when annealing temperature increase above 400 °C3. These 8 
defects starts to dissolve by the evaporation of Si interstitials when it is further annealed 
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at above 900 °C 3. If the total damage is below a critical value, all the 8 defects will be 
dissolved. However, if the damage amount is above the critical value, some of the 9 
defects grow while others dissolve and shrink3. As 8 defects grow to larger size, they 
turns into stable dislocation loops3. The dislocation loops will ripen to larger loops if the 
sample is further annealed at 1000 °C3. These dislocation loops are called secondary 
defects and require higher temperature to remove. It was reported that 1100 °C for 60 sec 
can completely remove the secondary defects3. These dislocation loops are mainly 
located at the original a/c interface and are also called End-Of-Range (EOR) defects3. In 
the narrow region just beyond the a/c interface on the crystalline side, the damage level is 
just blow the amorphization threshold3. As a result, large amount of high level damages 
are generated but without amorphization, and the damage level is high enough to cause 
the formation of {311} defect and dislocation loops3. 
1.1.2.2 Dopant Activation 
Resistivity of the wafer is still high after implantation due to the absence of long 
range order of the substrate lattice and the presence of dopants in off-lattice sites. Dopant 
activation is achieved by relocation of dopant atoms from interstitial sites, or off-lattice 
sites, into substitutional sites, where they can act as donors or acceptors and contribute 
electrons or holes. At the same time, the mobility will be improved by repairing the 
damages. Annealing implanted Si samples is performed to promote dopant activation and 
to obtain conductive materials. As discussed in last section, SPE that happens in 
amorphous layer enables high extent of dopant activation at low temperature. A sufficient 
dopant activation can be achieved at 600 °C. However, for damage level just below 
amorphization, the annealing will generate stable secondary defects which hinders the 
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dopant activation, and the useful level of activation can only be achieved by annealing at 
higher temperature between 950-1050 °C.  
1.1.3 Annealing Techniques 
Annealing methods to achieve damage removal and dopant activation are divided 
into solid phase epitaxial (SPE) regrowth and liquid phase epitaxial (LPE) regrowth 
based on their regrowth mechanism. Laser annealing is based on LPE regrowth, while 
metal induced crystallization (MIC), rapid thermal anneal (RTA)10 and microwave anneal 
are based on SPE regrowth.  In MIC, the metal layer, such as Ag and Au, is deposited on 
amorphous silicon11, 12. The metal atoms begin to intermix with the amorphous Si layer. 
Then the nuclearization of c-Si occurs at the interface11, 12 and the Si crystallite is 
surround by metal-Si compounds. The Si atoms from the amorphous layer diffuse 
through the metal-Si compounds, precipitate on the crystalline phase nuclei , and cause 
the radial growth of crystalline Si11, 12. Finally, the metal is segregated to the top and 
bottom surface of the silicon11, 12. Compared to the direct reordering of the amorphous 
lattice which require a high temperature, MIC provides a reduced free energy for the 
system, so that the crystallization could be done in relative low temperature at ~250 °C12 . 
However, the contamination of ultra-thin metal film will lead to the failure of the 
devices10. The RTA achieves the rapid heating rate using quartz halogen lamps or 
tungsten halogen lamps, which provides radiation energy to recrystallize the amorphous 
layer in a short time. However, even RTA minimizes the diffusion length by short 
annealing at high temperature; it still causes the end of range diffusion13. 
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1.1.3.1 Microwave Annealing  
1.1.3.1.1 Microwave heating mechanism 
The interaction of microwave and materials includes absorption, transmission and 
reflection. However, only the absorption procedure which is caused by the energy loss in 
the interaction leads to the heating of materials14. The energy loss includes the ion 
conduction loss and dipole polarization loss15.  
In ion conduction loss, the free electrons move back and forth, or ions move 
within the lattice network under the changing electromagnetic field13. The moving 
electrons or ions collide with other species and dissipate energy, leading to generation of 
heat in materials15.  
The dipole polarization loss is based on polarization mechanisms. The process of 
dipole formation (or alignment of already existing dipoles) under an external electric field 
E, is called polarization15. In term of electronic polarization, under the influence of an 
external electric field, the negatively charged electron cloud of an atom becomes 
displaced with respect to its positively charged core15. In ionic material, such as the alkali 
halides, cations and anions are displaced from their equilibrium positions under an 
external field. Moreover, many materials already possess permanent dipoles that can be 
aligned in an external electric field. This is called molecular polarization16. In dielectric 
materials, electric dipoles are created and align themselves with electromagnetic field. 
They rotate as the field alternates. As the field frequency increases, the rotation of dipole 
lags behind the field. Hence, dipoles collide with either surrounding electron clouds or 
other dipoles, resulting energy loss and heat generating.  
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The absolute value of absorption and the proportion of the ion conduction loss and 
dipole polarization loss are dependent on MW frequency and material parameters16. The 
ionic conduction loss dominates at low frequencies, because the time letting electrons 
transport in one direction reduces as the frequency increases, resulting in few collision 
events and less heat generation at high frequency15. On the other hand, dipole 
polarization loss is dominant at high frequencies. The lag between the rotation of dipole 
and changing of electromagnetic field becomes severe at high frequency so that most of 
the energy loss results from the friction of dipoles15. 
1.1.3.1.2 Dielectric Properties of Materials 
The ionic loss and dipole loss mentioned above can be determined by the loss 
factor (ɛ''). For dielectric materials which is not conductive, the loss factor (ɛ'') is relating 
the out phase component of electric displacement (D) to the applied electric field17, 18, 
which describes the how badly the dipoles lag behind the applied electric field. The 
electric displacement (D) is the electric field strength within the dielectric material. For 
conductive materials, the loss factor is related to the density of free carries in the 
materials. When the materials is both conductive and has dipoles, both process 
contributes to the loss, the loss factor is called effective loss factor14. The dielectric 
constant (ɛ') which is also called relative permittivity, is related to the in-phase 
component of the electric displacement (D) to the applied electric field17, 18. This means ɛ' 
describe how much a material allows itself to be polarized.  
The materials with large loss factor can experience higher extent of dipole 
dielectric loss and generate more heat. When the dipoles are able to follow the changing 
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of the applied field, the dielectric constant maintains its maximum value. As the 
frequency increases, the dipolar polarization falls behind the field. When the frequency 
reaches a point where the dipole is no longer rotates significantly with respect to 
changing field, the effective polarization decreases19. The reduced effective polarization 
means a decrease in the dielectric constant and an increase of the loss factor as the 
frequency increases19. 
 
Figure 1.1 The variation of ɛ' and ɛ'' with frequency for water at 20 °C 19 
 
1.1.3.1.3 Susceptor Assistance in Microwave Annealing 
Temperature has a significant impact on loss factor and microwave absorption14, 
20. As temperature increase, the dielectric relaxation time decrease, which means the 
dipoles are easier to response to the oscillating field due to the increased kinetic energy. 
This means the loss factor peak will shift to higher frequency as temperature increase. As 
a result, the loss factor and microwave absorption efficiency of a material at a certain 
frequency can be increased by tailoring the temperature.  
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Amorphous Si cannot efficiently absorb microwave at low temperature21, 22. When 
the ion implanted Si is annealed at the microwave cavity, it cannot obtain a high 
temperature without any external heat supply22. To achieve a temperature that is high 
enough to repair the damages and activate the dopants, additional heat provided by the 
susceptor is required. Typically, samples are placed in contacted or nearby the susceptor. 
This method is called hybrid heating, in which the sample is simultaneously subjected to 
the microwave heating and the conductive heating from susceptor14. The susceptor is 
typically a lossy material that can easily be heated up by absorbing microwave radiations. 
In our case, susceptor that is made up of Al2O3 infused SiC is employed. The large 
dielectric loss factor of SiC ensures that only its surface can be heated to very high 
temperatures, which in turn allows the sample on the susceptor to be heated up. More 
importantly, due to the large heat capacity (1.09 J/mol·K) and high thermal conductivity 
(350 W/m·K) of SiC, temperature gradients across the suscepotor surface do not exist, 
which allows an excellent uniform heating. 
1.1.3.1.4 Volumetric Heating and Penetration Depth 
Microwave heating is dominated by volumetric heating mechanism. In volumetric 
heating, the heat energy is transferred electromagnetically through the surface, rather than 
as a heat flux18. The rate of heating is no longer limited by thermally diffusivity and 
surface temperature18. However, the electric field decreases as it penetrates materials, 
which means volumetric heating is only valid for layers close to surface. The penetration 
depth is defined as the distance from the sample surface where the absorbed power is 1/e 
of the absorbed power at the surface15.  
11 
 
 
4 2 ''
p
cn
D
k f

  
   (1.1) 
where λ is wavelength, n is real part of the refractive index, k is the imaginary 
part of refractive index (also called extinction coefficient or damping constant), c is speed 
of light, and f is frequency in Hz, ɛ'' is a dielectric loss factor. According equation (1.2), 
materials with very high extinction coefficient have very small penetration depths, 
approaching to zero. Materials with such dielectric property are treated as reflectors, like 
Al. Similarly, materials with a very low extinction coefficient have a large penetration 
depth and are transparent to the microwave field, like Al2O3.  
 The power absorbed by the dielectric per volume can be calculated using the 
following equation19: 
 2
0 ''eff rms pP E C T      (1.2) 
where,   is the angular microwave frequency, ɛ0 is permittivity of free space, 
ɛeff'' is the relative effective dielectric factor. Erms is the average electric field in 
dielectrics19, ρ is the mass density of materials, Cp is the heat capacity, and ΔT is the 
temperature gradient.  
1.1.3.2 Laser Annealing 
Lasers are widely used for many applications, including growing crystal, 
depositing films, forming metallic glasses, cutting23. In terms of the output characteristics 
of lasers, lasers are divided into continuous wavelength (cw) and pulsed wavelength23. 
The pulsed laser typically offers high energy deposition pulse over a relatively short time 
while the cw laser produces continuous light and energy deposition. Various laser sources 
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are available such as gas lasers (i.e. Argon, Carbon dioxide), solid lasers (Ruby, YAG or 
glass), and liquid lasers (Dye). 
Laser can be used to anneal ion implanted Si. While the liquid phase epitaxial 
regrowth is responsible for the transition from amorphous to signal crystalline silicon24, 
the surface layer melts and solidifies in extremely short tim25-28, as low as 2 ms. The laser 
energy is absorbed in the near surface region, causing the melting of the surface layer29 
and is able to remove nearly all the defects in surface layer24. The large diffusion 
coefficient in the liquid phase leads to the extensive dopant diffusion, therefore it hinders 
the achievement of a shallow junction for metal-oxide. However, the melt layer thickness 
can be controlled by the incident laser beam. These effects are demanded by 
semiconductor industry, particularly in the annealing of  ion implanted Si.23 
1.1.3.2.1 Laser Heating Mechanism 
The wavelength of the typical commercial high power laser varies from UV 
region up to 10.6 μm23, corresponding to a frequency of 3108 to 2.8  104 GHz, whose 
frequency is much higher than 2.45 GHz microwave. Under such a high frequency, the 
dipoles that created by nuclei are too heavy to repose to the high-frequency oscillating 
field23. As a result, laser being an electromagnetic wave mainly interacts with the valence 
electrons. The bonded valence electrons only weakly respond to the light wave, and 
mainly affects its phase velocity23. Free valence electrons are accelerated and oscillate 
under the periodically changed electromagnetic field23, i.e. extract energy from the field.  
The oscillating electrons either reradiate their kinetic energy or transfer their energy by 
colliding with the lattice atoms23. The reradiation corresponds to the light reflection23.  
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When the photon energy is larger than the band gap of semiconductor, the light is 
absorbed by the interband transition of electrons, and the excited carriers are generated23. 
However, at high light intensity, the generation rate of excited electrons will dramatically 
increase23. The generated hot electrons will undergo the relaxation by either carrier-lattice 
collisions or recombination23. When the collision rate is higher than the recombination 
rate, the lattice heating occurs23. At a sufficient high intensity, the hot electron generation 
rate will be even higher than relaxation rate by carrier-lattice collision, then the large 
number of free hot electrons build up, collide with each other and establish a thermal 
equilibrium in 10-14 sec23. Therefore, this heating effect induced by carrier collision 
occurs even before the lattice heating23. The diffusion of these hot carriers determines the 
heated volume23. When the laser is off, these electrons will recombine within 10-9 sec23.  
In addition, As the incident laser raises the temperature of the semiconductor 
material more phonons are generated and these phonons contribute to the heating 
mechanism23. More photon will be absorbed by phonons and the phonons will interact 
with the carriers, and transfer the energy to the lattice23. As a result, the carrier-lattice 
collision frequency will increase, leading to the enhanced heating effect23. The increase in 
lattice temperature will in turn increase the collision frequency23.  This is a positive 
feedback process.  
1.1.3.2.2 Energy Deposition in Laser Annealing 
Laser annealing is based on the interaction between light wave and valence 
electrons in material, so it greatly depends on the optical properties of the material. It is 
convenient to describe the energy deposition of laser using reflectivity (R) and absorption 
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coefficient α or the absorption length α-1. The absorption length is also called penetration 
depth, which means the depth where the intensity of the light decreases to 1/e of its 
original value when the light propagates through the material. The energy absorbed per 
unit volume (in Joules per cubic centimeter) as a function of sample depth (z) during 
laser annealing can be calculated by 23: 
 /
0( ) [(1 ) / ]
z dz I R d e     (1.3) 
where the I0 is the output /incident energy density of the laser (in Joules per 
square centimeter), R is the reflectance of materials at the laser wavelength and d is the 
absorption depth, which is the reciprocal of the absorption coefficient α 
Amorphous Si has large absorption coefficient than crystalline Si, which also 
means smaller absorption length in amorphous Si. Smaller absorption length means most 
of the energy is absorbed within a very thin layer, resulting in high volume energy 
density within the thin layer, and think layer is more likely to be melt. For materials with 
large α-1, the volume energy density being absorbed is smaller, as a result, it requires 
higher energy input to melt the layer with the same thickness. In ion implanted materials, 
the thickness of the amorphous layer can be either smaller or larger than absorption 
length α-1. If the amorphous layer is smaller than α-1, only a portion of the laser energy is 
used to melt the amorphous layer, and rest of the laser energy is distributed in crystalline 
silicon in a larger depth due to the larger α-1 value of crystalline Si.  
1.1.3.2.3 The Characteristics of Laser Annealing 
The characteristics of laser annealing is fast heating and cooling of surface layer. 
The fast irradiation time varies from 10-5 – 10-12 sec depending on the laser types23. The 
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cooling rate of the surface layer is in the range of 109 – 1014 °C/sec when annealed with 
pulsed laser23.  
The most common laser annealing technique is pulsed laser annealing, including, 
Q-switched solid state laser and mode-locked laser23, 25, 30. Pulsed laser means the optical 
power is not continuous but delivers in pulse at a repetition rate (i.e. 500 Hz). It is able to 
emit very high energy in a short plus. Pulsed laser anneals typically melt the Si surface, 
and the liquid phase epitaxial regrowth happens. The recrystallization/regrowth happens 
at the interface between the liquid layer and the crystal Si or amorphous Si, and the 
interface move towards the surface during the recrystallization23, 25. The recrystallization 
velocity is quite large because of the high temperature gradients across the melting 
surface23. Apart from the recrystallization, the melting of Si will lead to re-distribution of 
dopants23, 25, 27, 28, 30. The mobility of atoms is pretty fast in the liquid phase, as a result, 
the dopants diffusion will be severe. Even the dopants diffusion is undesired for the 
shallow junction devices, the re-distribution of dopants is favorable in making n-well and 
p-well of metal-oxide-semiconductor field effect transistor (MOSFET). 
However, laser annealing of Si is not necessary to be the liquid phase 
recrystallization. The continuous wave laser, which has continuous wave and emits light 
continuously, can heat the ion implanted Si to a moderate temperature in less than 10-2 
sec23. In this case, no liquid phase is formed, the amorphous Si undergoes solid phase 
crystallization in 10-2 sec23. However, the dopants do not have sufficient time to diffuse in 
such a short time23. This results in no measurable dopant diffusion, which is good for 
fabricating shallow junction devices.   
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1.2 Transparent Composite Thin-film  
1.2.1 Indium Tin Oxide and Transparent Composite Electrode 
Indium tin oxide (ITO) has been widely used as transparent conducting oxides 
(TCOs) in solar cells, flat-panel displays, organic solar cells and organic light emitting 
diodes8, 31-33. The large band bap of ITO thin film enables a high transmittance of 85-90% 
in visible light region 34. Its low electrical resistivity (< 10-4 Ohmcm)34 renders its 
popularity in the application of electrodes. However, ITO contains the rare earth element 
of indium, so its sustainability is limited for high volume manufacturing. In addition, 
TCOs on flexible substrate are also highly needed in flexible display and organic solar 
cells in order to achieve roll-to-roll fabrication of devices, but the deposition of ITO with 
a desired low resistivity needs the substrate above room temperature 35, 36 Hence, 
alternative TCOs without rare earth element and low deposition temperature are highly 
demanded. 
The transparent composite electrode (TCE) is believed to be a promising 
alternative to ITO electrodes8, 31, 32. Compared to the ITO, TCEs are shown to have 
competitive optical and electrical properties33, 37, while having a substantially lower cost 
of fabrication. An optical transmittance as high as 85% and a resistivity as low as 10-5 
Ω∙cm has been reported for TCEs8, 31-33. The TCE structure is comprised of a metal layer 
embedded between two transparent metal oxide (TMO) layers and it results in a 
TMO/metal/TMO composite structure 8, 9, 31-33, 37-44. The materials selection for these 
TMO and embedded metal layers has significant effects on the optical and electrical 
properties of TCEs 9.  
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1.2.2 Optical and Electrical Consideration in TCEs  
As a transparent conducting electrode, its resistivity has to be low enough to 
minimize its contribution to the series resistance of devices; meanwhile, light 
transmittance of the electrode has to be high enough to allow enough light to go through 
the electrode. In TCEs, the top and bottom transparent metal oxide layers are anti-
reflection layers which is able to maximize the light transmission 45. The desired 
transparent metal oxide should have a large band gap so that it is transparent in visible 
light region, meantime, the imaginary part of its refractive index should be as low as 
possible to avoid the light absorption. However, the TMO layers are typically quite 
resistive or not as conductive as the metal layer, as a result, the metal layer in TCE is 
responsible for the electrical conducting45. The low resistivity of metal layer can 
significantly contribute to lowering the resistivity of TCE. On the other hand, the low real 
part of metal film’s refractive index is ideal for achieving high light transmittance in 
sandwiched TMO/metal/TMO structure45, 46. 
Apart from the nature of TMO and metal materials, the layer thickness of TMO 
and metal also affects the optical and electrical properties of TCEs. Increasing the metal 
layer’s thickness can achieve lower resistivity, but the light transmittance will decrease 
accordingly. Therefore, there is a trade-off between the high transmittance and low 
resistivity when determining the thickness of metal layer. Typically, the metal layer is 
less than 20 nm to allow sufficient light transmission Haacke proposed a figure of merit 
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(TC) to evaluate performance of the transparent conducting electrodes. Haacke figure of 
merit (FOM) takes into account of both thickness and transmittance 47: 
 
10
TC
s
T
R
    (1.4) 
where, T is the transmittance and Rs is the sheet resistance. Typically, T is the average 
transmittance of the electrode across the visible light wavelength. Higher value of FOM 
represents better performance of the electrodes. A power of 10 is used because it is a 
favorable value that the impact of T is balanced with Rs, but not dominated over Rs. 
Since the metal layer affects both the transmittance and sheet resistance, the 
performance of TCE is typically optimized and the high FOM value is achieved by 
varying the metal layer thickness. In the first stage of the metal film deposition, only 
separate nuclei are formed, these nuclei will gather into islands by surface diffusion, and 
these islands will gradually increase in the size, join one another and eventually form a 
continuous film 48. The initial isolated islands explained why the very thin metal film is 
much more resistive than bulk metal. The conduction of the film starts at a critical 
thickness where a certain fraction of the metal filling is reached, and this fraction is called 
percolation threshold49.  According to the percolation theory, the percolation threshold is 
where the initial separated clusters joined together to form a continuous cluster path 
enabling the current to flow through the film49 ; therefore, the sheet resistance of film 
drops sharply at the percolation threshold. In the case of fabricating TCE, the metal layer 
has to be at or beyond the percolation threshold to achieve conductive film. Moreover, 
the isolated metal film embedded between TMO also reduce the transmittance of light 
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due to the light scattering effect of the isolated metal islands31, 42, 44. It is reported that the 
transmittance increases with the film thickness before the percolation threshold is 
reached.  After the percolation threshold is reached the transmittance decreases as the 
thickness increase31, 42, 44.  
 
1.2.3 The Influence of Deposition Parameters on Properties of Film 
Since the thickness and morphology of metal film have significant impacts on 
TCE’s electrical and optical properties, the deposition has to be carefully controlled 
because the deposition condition affects the morphology of the films50. The deposition 
rate influences the size of grains. Higher deposition rate will form a metal film with 
smaller grain and less impurity, but high deposition rate will result in increased density of 
vacancies because they do not have enough time to leave the condensate 48. In sputtering 
deposition, the deposition rate is controlled by the power and pressure; while, evaporation 
rate is controlled by the power solely. 
The substrate temperature affects the grain size as well as the uniformity of the 
film. The higher temperature will increase the atoms diffusivity/surface mobility on the 
substrate, so that atoms tend to gather together and form larger grain size 48. It is shown 
that the higher temperature will result in higher critical thickness where the percolation 
starts 48. 
1.2.4 Prediction of the Optical Properties of TCEs 
As mentioned above, the materials and layer thickness will affect the 
transmittance of TCE. Although the optimum TCE design and appropriate materials are 
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often found by means of trial and error, the high cost and involved time of this approach 
can impede the development of future TCEs. Building a proper TCE model to 
analytically predict its transmittance is therefore needed to facilitate materials selection 
and feature size design. 
In its simplest form, the transmittance is defined as the ratio between the 
intensities of the transmitted and incident waves through a medium 51. When light 
propagates in a TCE multilayer thin film, multiple reflections occur within each single 
layer. Hence, the total transmitted light through each layer becomes a summation of all 
the waves that are created due to directed transmittance and multiple reflections within 
the same layer and the previous ones51-53. It is arduous to derive the TCE’s transmittance 
by analytically describing the multiple reflections in each layer. Invoking the transfer-
matrix method can substantially simplify the calculations52-56. The transfer-matrix method 
has been widely used in terms of calculating the transmittance and reflectance of 
multilayer thin film structure52-56. In this approach, those waves (electric fields) that are 
propagating in the same direction and at the same side of an interface are represented by a 
single equivalent electric field, as shown in Figure. 1.2. 
 
Figure 1.2 Schematic of light amplitudes and intensity within a TCE on glass. The 
subscripts signify the layer number; + and - signs represent forward and 
backward directions, respectively. A prime is used for waves at the right-hand 
side of an interface. 
21 
 
Then, the transmittance is calculated by relating the incident electric field and the 
ultimate transmitted electric field52-56.  
Considering a normal incidence of p-polarization wave, the wave propagation 
through interface 1 between air and layer 1 (top TiO2 layer) shown in Figure. 1.2 is linked 
by transfer matrix L01: 
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where, t01 and r01 are Fresnel transmission and  reflection coefficients, respectively. E is 
the electric field propagating in corresponding direction and at corresponding interface. 
Wave propagation through layer 1 is linked by transfer matrix L1: 
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where, δ1=2n1d1/λ is the phase change during the wave propagation through layer 1. It 
should be noted that n1 and d1 are refractive index and thickness of layer 1, respectively. 
Applying the same relations to the rest of the coherent interfaces and layers, the 
relationship of electric fields between a packet of coherent layers (TiO2/Au/TiO2), from 
medium 0 to right-hand side of interface 4, are related by the complete transfer matrix 
L04: 
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where, Mij is the element in matrix L04. The transmission and reflection coefficients of 
this coherent layer packet can be expressed by the elements of the above matrix L04: 
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Then, the elements Mij in L04 can be replaced by transmission and reflection coefficients 
using the relations shown in Eqs. (1.8)-(1.11). The complete transfer matrix L04 then can 
be rewritten as: 
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When waves interact with the incoherent glass substrate, glass substrate is treated 
as incoherent layer, and the packet of coherent layers is treated as incoherent interface 
between air and glass substrate. The light intensity I (instead of electric field amplitude 
during the wave propagation) has to be used when deriving relationship of waves 
propagating through incoherent interfaces and layers; therefore, the transfer matrix is 
modified by replacing the transmission and reflection coefficients with their squared 
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amplitudes. The light intensity between the mixed coherent and incoherent multilayers 
system is linked by the complete transfer matrix for mixed layers Mincoh: 
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In addition, rough surface and interface will lead to light scattering and reduce the 
light transmittance. For the roughness of layer surface and interface, the scattering factor 
sr and st during reflection and transmission has to be considered in the matrix calculation 
as well57, 58.  
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where t’i-1,i  and r’i-1,i  are modified Fresnel transmission and reflection coefficients, 
respectively. n is the real part of the refractive index, and σi is the RMS roughness of 
interface i. The final transmittance T05, the transmittance of TCE with the consideration 
of interface scattering, is expressed by the modified elements in the transfer matrix Mincoh 
in Eq. (1.14): 
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where t04’, r40’, r04 are calculated using Eq. (1.8), (1.10), (1.15a) and (1.15b), and t45 is 
the Fresnel transmission coefficient for waves going from glass and air. 
Hence, the transmittance is a function of layer thickness, refractive indices and 
roughness. Via transfer-matrix method, the dependence of light transmittance spectrum 
on materials, layer thickness can be calculated easily and quickly. It expedites the design 
of TCE, and facilitate the study of the materials’ impact on light transmittance.  
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1.3 Organic Solar Cells 
1.3.1 Current Solar Technology 
As a result of increasing demands in the energy but limited resources on earth, 
solar power becomes one of the most promising clear and sustainable energy. Solar cell, 
which is one of the solar power technologies, has been intensively studied in many 
decades. The current solar cell technologies include: crystalline and multi-crystalline 
silicon based solar cells, inorganic thin film solar cells, dye-sensitized solar and GaAs 
solar cells, organic solar cells and perovskite solar cells59.  
The power conversion efficiency of solar cells is the fraction of incoming light 
power to the converted electrical power, and it determines the performance of solar cells. 
Due to the relatively high power conversion efficiency, solar cells based on crystalline 
and multi-crystalline silicon attract most of the interests. They have been commercialized 
in the last decades and takes 80% of the commercialized solar cell market59. However, 
the high cost of silicon wafer accounts for 50% of entire cost of solar cells59. This high 
cost of silicon based solar cell impends its wide-spread utilization. On the other hand, 
GaAs solar cells, which are III-V crystalline solar cells, propose the highest efficiency 
but the high cost of GaAs solar cell limits its application only in aerospace59. 
Inorganic thin film solar cell is also the commercialized solar cell. Even though 
the thin film solar cell suffers from its low efficiency, the low cost of thin film fabrication 
and low processing temperature makes it very competitive to silicon based solar cell59.  
Dye-sensitized solar cells are based on organic materials. The organic dye is 
coated on the porous electrode that has high surface area. As a result, the light absorption 
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is maximized by the porous electrode, and the efficiency can go up to 11%59. However, 
dye-sensitized solar cells contain liquid electrolyte which will cause reliability and 
portable issue59, as a result, they are not suitable for commercialization.  
Organic solar cells (OSCs) benefit from its low process temperature, light weight 
flexible substrate and high throughput process.  Even though the highest efficiency of 
organic solar cells is only about 11%60, the roll to roll printing of organic solar cell enable 
the high volume and low cost manufacturing. As a result, intensive studies have been 
done to improve its efficiency by modify the interfaces, polymer structure and replace 
electrodes.  
1.3.2 Working Mechanism 
A solar cell convert to solar energy into to electricity by generating electrons and 
holes and transporting these charges to the external circuit. To generate the electrons and 
holes pairs, band gap is need in the material, i.e. semiconductor material. When the light 
energy is higher than the band gap, the light will be absorbed by the material. The 
absorbed light energy will excite the electrons from the lower energy states to the high 
energy state leaving holes behind. The photo-generated carriers has to be pulled toward 
the external circuit by electric field before they recombine, so that the photo-current can 
be collected by the external circuit. In silicon solar cell, that electric field is provided by 
the built-in potential/voltage in p/n junction. The photo-excited electrons and holes that 
are generated in both n-type and p-type silicon are pulled to the corresponding electrode 
by the built-in potential in p/n junction.  
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Figure 1.3 The schematic for photocurrent generation in organic solar cells: a) generation 
of exciton under light; b) exciton moves towards interface of donor and 
acceptor; c) dissociation of exciton at interface; d) electron and hole move 
towards cathode and anode, e) electron and hole are collected by cathode and 
anode. 
Semiconducting polymers are analogous to conventional inorganic 
semiconductors. The highest occupied molecular orbital (HOMO) and the lowest 
occupied molecular orbital (LOMO) are equivalent to the valence band and conduction 
band, respectively59. The energy gap between HOMO and LOMO is equivalent to the 
band gap. Most of the semiconducting polymers are conjugated polymers and they are 
able to generate excited states after absorbing light59. The photocurrent generation 
process is shown in Figure. 1.3. The excited states are excitons that are bound electron-
hole pairs. The organic solar cells consists of donor and acceptor. The donor polymer 
materials generate excitons after absorbing light. The excitons have to be separated into 
free electrons and holes by an effective field at donor and acceptor interface61. The 
organic semiconductor contains π molecular orbitals, in which the π electrons are loosely 
bound and can easily move along the backbone of the molecules/polymer62. After 
electron-hole pairs dissociate at the interface, the photo-generated electrons and holes can 
be transported though the overlapped π molecular orbitals between molecules. The 
electrons go to the LOMO of acceptor and diffuse to the cathode. Holes migrates at the 
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HOMO of donor and diffuse to the anode. In the end, they become conducting current in 
the external circuit. The crystallinity of organic semiconductors affects its long range 
charge carrier transport63. 
1.3.3 Heterojunction Organic Solar Cells 
As discussed above, the effective filed is needed to disassociate excitons61. The 
heterojunction organic solar cells are designed to create the effective field at the interface 
(heterojunction) between donor polymer and acceptor polymer. The ionization potential 
difference and electron affinity difference between donor and acceptors create the 
effective field at the interface which separates the electron-hole pairs in the excitons. 
However, the diffusion length and lifetime of excitons will impact efficiency of 
charge separation. The diffusion length of exciton is only about 10 nm64. As a result, the 
excitons that are generated more than 10 nm away from the donor/acceptor interface will 
decay to their ground state before they reach and dissociate at the interface. Instead of 
using planar heterojunction solar cells, bulk heterojunction (BHJ) solar cells are proposed 
to maximize the charge separation. The donor and acceptor polymers are mixed together 
and form an interpenetrating network as shown in Figure. 1.4. As a result, the most of the 
photo-generated excitons are able to diffuse to the nearby interface before decay. 
Moreover, the interface area increases by mixing donors and acceptors together, therefore 
the carrier generation centers increase dramatically.  
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Figure 1.4 The schematics of planar heterojunction and bulk heterojunction solar cell59. 
The most widely used donor and acceptor polymers in bulk heterojunction solar 
cells are poly 3-hexylthiophene (P3HT) and [6,6]-phenyl C61-butyric acid methyl ester 
(PCBM). These two polymers are dissolved together and the phase-separation between 
them creates the intermixing structure. The layer contains the intermixing structure of 
donor and acceptor is called active layer. As mentioned before, the diffusion length of the 
excitons has diffusion length about 10 nm, so that the donor domain size has to be limited 
to within this diffusion length so that the excitons can reach the domain interface before 
they vanish. The control of domain size during the phase-separation is very important, 
and the domain size can be tailored by changing the baking temperate of the mixture, 
solvent vapor treatment, and high boiling point additive65. 
It has been observed that the separated electrons and holes need clear paths to go 
to their corresponding electrodes, and the path formation depends on the extent of the 
phase separation. If the path is not continuous, the electrons and holes will be recombine 
before they reach their corresponding electrodes. Hence, the time and temperature 
determining the extent of phase separation of donor and acceptor polymers are quite 
important. In addition, the holes in the donor phase that is in touch with the cathode have 
a chance to recombine with electrons collected by the cathode65. Similar recombination 
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will happen near the anode. As a result, ordered or graded BHJ is suggested. In graded 
BHJ, the continuous donor and acceptor phases are interlocked and has vertical phase 
separation, so that donor and acceptor phases are in direct contact with their 
corresponding electrodes65. Donor phase is rich at anode region while the cathode has the 
acceptor phase rich region. The graded BHJ can be fabricated by self-assembly of 
melecules or surface modification of substrate65. 
1.3.4 Interface Engineering in BHJ Organic Solar Cells 
Apart from using bulk heterojunction to achieve better efficiency, hole transport layer 
and electron transport layers are also added to improve the power conversion efficiency. 
Hole transport layer are typically added to modify the energy level alignment between 
anode (typically indium tin oxide) and the HOMO of donor materials, and to facilitate the 
hole extraction from the active layer to electrode66. The most widely used hole transport 
layer is poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS). Lots of 
alternatives for PEDOT:PSS are also developed, including Polypyrrole-polystyrene 
sulfonate  (PPy:PEDOT), copper iodide, graphene oxide, semiconducting transition metal 
oxide 67-71. Similarly, the interface between cathode and active layers is modified by 
insertion of an electron transfer layer. It is reported that LiF is added between cathode 
(typically aluminum) and active layer to improve the electron ejections 66. Apart from 
that, bathocuproine (BCP) is used as an exiton blocking layer between metal cathode and 
organic active layer72, 73. This blocking can prevent the exciton diffusing to and vanishing 
at the electrode, instead, the photo-generated excitons will dissociate at the nearby 
heterojunction interface73.  
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1.3.5 Basics of Organic Solar Cells 
1.3.5.1 J-V Curve  
In the dark, solar cell is acting as a regular diode. If reverse bias is applied, there 
will only be small amount of current. If forward bias is applied, the junction barrier 
become small, then large current can be achieved after electrons overcome the small 
junction barrier. Under illumination, excitons will be generated and dissociate at the 
interface. Electrons will go to the cathode and holes will go to the anode, resulting in 
negative current. When the external potential is negative, namely under reverse bias, the 
built-in potential in the solar cell will be enhanced. The enhanced the built-in potential in 
turn enhances the charge dissociation, and results in large photo-current74. Moreover, the 
strong electric field results in the drift current74. When the applied negative bias gradually 
decreases, the drift current will become smaller74. Carriers are driven to their 
corresponding electrodes mainly by the internal built-in field74.  When the applied bias 
turns to forward bias and equal to the built-in field, the current will mainly be the 
diffusion current. As the forward bias keeps increasing, the external potential is larger 
than the built-in field, and the potential gradient across the devices is reversed. As a 
result, the holes will be ejected from the anode to the cathode, leading to a positive 
current. The internal field under different bias is shown in following Figure. 1.5.  
This characteristics of current under dark and light can be illustrated by the plot of 
the current density (J) as a function of voltage as shown in Figure. 1.6. The current 
always depends on the area that absorb light, in order to eliminate the area dependence, 
the J instead of current (I) is used in the plot. 
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Figure 1.5 Operation of OSC at different bias: a) large revers bias; b) small reverse bias; 
c) small positive bias, zero internal field; d) large positive bias74 
 
Figure 1.6 Current density (J) as a function of voltage (V) for organic solar cells 
 
1.3.5.2 Short Circuit Current Density (Jsc) 
Jsc is defined as the current density when the external bias is zero
59. At zero 
external bias, drift current due to the external electric filed disappears and only the build-
in field drives the photo-generated carriers to their corresponding electrodes. The Jsc 
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determines how efficiently the photo carriers are generated in the active layer and 
collected by the electrode. The series resistance in the solar cell, the thickness of the 
active layer, light input affects Jsc
70, 71, 75. 
1.3.5.3 Open Circuit Voltage (Voc)  
Voc is defined as the voltage when the output current density is zero. 
Theoretically, the current is close to zero when the external bias is same as the built-in 
field because few excitons are dissociated due to the absence of electric field. In this case, 
only diffusion current exists and it is almost negligible. Voc relates to the built-in electric 
field in the solar cell and is mainly determined by the intrinsic properties of the active 
layer. It is reported that Voc depends on the energy difference between HOMO of donor 
and LUMO of acceptor if ohmic contacts are formed at the electrode74. For non-ohmic 
contact, Voc is determined by metal-insulator-metal model, and equals to the work 
function difference of the two electrodes71.  
1.3.5.4 Fill Factor (FF) 
The quadrant IV of J-V curve represents the power generation59. The theoretical 
maximum power is the product of Jsc and Voc. However, the practical power density of 
solar cell is the product of Jmax and Vmax. Jmax and Vmax are at the point where the output 
power density is maximum59, 74. Fill factor is defined as the ratio of the practical 
maximum power density output to the theoretical maximum power density output59, 74: 
 max max
sc oc
J V
FF
J V
  (1.17) 
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The physical meaning of FF is how rectangular the J-V characteristic curve is65. If 
the FF is 100%, the photo-generated current remains constant as the external bias 
increases up to Voc. In reality, the photo current typically decreases as the external bias 
increase, therefore the FF is less than 100%. In fact, the recombination in the OSC which 
reduces the photo current has a significant effect on FF. There are two kinds of 
recombination: geminate pair recombination and bimolecular recombination65, 71.  
The geminate pair recombination is that electrons and holes in the excitons 
recombine at the donor/acceptor interface before they split into free charges71. As the 
internal filed is weakened by the increasing external bias, the chance of geminate pair 
recombination increases, leading to the reduced photo current and FF71. This 
recombination is mainly determined by the donor domain size71. In addition, the LUMO 
offset between the LUMOs of donor and acceptor is important in geminate pair 
dissociation and recombination71. The LUMO offset is helpful in the electron transfer 
process right after the exciton split, and also in the free charge photo-generation. It is 
reported that the high LUMO offset can result in high FF and photo current71. 
The bimolecular recombination happens after the excitons split into free carriers, 
and this usually occurs at the anode/active layer interface when the anode is in direct 
contact with acceptor71. For examples, as the external bias increases to high voltage, the 
built-in potential/electric field that separates the electron-hole pairs will be weaken, 
diffusion electrons towards the anode is stronger than the drift electrons toward the 
cathode, and lots of the diffusion electrons will recombine with the holes in the anode, 
leading to the reduced photo current and FF71. This kind of recombination can be reduced 
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by adding the electron blocking layer (EBL)71. The EBL typically has high energy level 
of LUMO/conduction band71, higher than the LUMO of acceptor. In this case, the 
diffusion electrons in acceptor’s LUMO towards the anode will be blocked by the EBL 
before they enter the anode. 
1.3.5.5 Power Conversion Efficiency (PCE) 
PCE determines the performance of the solar cells. It is defined as the fraction of 
the input light power is converted into output electricity power 59: 
 100%sc oc
in
J V FF
PCE
P
    (1.18) 
where Pin is the input light power density. 
1.3.5.6 Resistive Effects 
In practice, parasitic resistances exist in solar cells and reduce the PCE. Shunt 
resistance and series resistance are the two man parasitic resistances and shown in the 
equivalent circuit model of solar cells (Figure. 1.7)76. 
 
Figure 1.7 Equivalent circuit model of solar cell76 
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In this conventional equivalent circuit model of solar cells, photocurrent source 
represents the photocurrent generated by the solar cell. The diode is responsible for the 
dark current. The resistance of shunt resistor (Rsh) accounts for the leakage current due to 
the defects in the solar cell76. The resistance of series resistor (Rs) gives the internal 
resistance of the cell itself. This current density (J) in above model is mathematically 
represented by following equation76: 
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 (1.19) 
where J0 is the reverse bias saturation current density, e is the elementary charge, Rs is the 
series resistance, n is the diode ideality factor, kB is the Boltzman’s constant, T is 
temperature, and Rsh is shunt resistance. For ideal p-n junction diode, the J0 represents the 
ideal saturation current density at reverse bias, and ideality n equal to 176. The Rs and Rsh 
are can be calculated by fitting dark current of the solar cell with the Eq. xx. At low 
voltage, the dark J-V characteristics are mainly determined by Rsh, while the J-V 
characteristics at high voltage (above Voc)
76. As rules of thumb, Rs, is estimated by the 
reciprocal of the slope in linear region of dark J-V at high voltage76. Another rule of 
thumb to estimate is using the illuminated J-V curve. Rsh is calculated by the reciprocal of 
the slope at zero voltage. Rs is calculated by the reciprocal of J-V slope at Voc.  
It is noticed that the OSC deviate from the model for tradition solar cell76. Hence, 
the rule of thumb for calculating Rs and Rsh is just a rough estimation. Accurate Rs and Rsh 
has to be estimated by the fitting the dark current using Eq. xx. It is reported that Rs of 
OSC shows dependence on the external field76. As a result, the fitting to the tradition 
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model should be near the cell operating voltage (Voc) over a tight range (~400 mV)
76. In 
addition, it is reported that Rs of OSC also shows dependence on the device area
76. The 
smaller device area usually ends up with a smaller Rs. Rs have a significantly impact on 
Jsc, and is mainly affected by the interface at electrode/active layer, and resistance of each 
individual layer.  
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1.4 Printed Ag Thin-films 
1.4.1 Reactive Ink and Printed Ag Thin-film 
Printed metal thin-films have the potential for broad application and ease of use. 
Drop-on-demand (DOD) can be achieved by printing technology. Reactive inks are a new 
approach to DOD printed electronics that are easy to synthesize and that often do not 
require high-temperature sintering.77, 78. As a result, the photovoltaic industry have 
adopted silver inks for their metallization schemes79. Other application of reactive inks 
includes printed electronics80 and stretchable electronics78. Reactive inks consist of 
dissolved metal salts, chelating agents, reducing agents, and solvent. Unlike traditional 
inks that print clusters of particles, reactive inks print chemical precursors that react to 
form a solid material.80, 81 Hence, reactive inks are also called metal-organic complex 
inks, self-reducing inks 77. The reactions to form solid material can be initiated by 
elevated substrate temperatures (thermally), solvent or stabilizing agent evaporation 
(chemically), or by some increased catalytic activity of the substrate (kinetically).80, 82-88 
Recent advances in silver,80 copper,81 and aluminum84, 89 reactive inks have brought the 
reaction temperatures of these inks to below 180 ˚C and to even room temperature for 
silver-diamine based inks77, 90, 91. Compared to silver paste and nanoparticle-based inks, 
these new reactive inks provide superior conductivities (that are close to bulk material 
values) at lower temperatures and significantly lower costs.  
The low temperature printing and reaction of silver-diamine based ink is based on 
Tollen’s reaction as demonstrated by Walker et al.77. The silver-diamine inks is made up 
of silver acetate that dissolved in ammonium hydroxide with formic acid as the reducing 
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agent 77. First, excess ammonia can enable the formation of stable diaminesilver (I) 
complex as follows 77: 
2H O
3 2 4 2 4 3 2 22AgCH CO +2NH OH Ag O+2NH CH CO +H O,  
3 2NH /H O
2 3 4 3 2 2 3 2 3 2 4Ag O+4NH +2NH CH CO +H O 2Ag(NH ) CH CO +2NH OH.  
The diaminesilver (I) cations, acetate anions and formate anions are mixed 
together and is stable with excess ammonia 77. Once the excess ammonia evaporates after 
printing, the reduction of silver diamine to silver and silver acetate is triggered 77. As a 
result, the printed Ag thin-film is obtained. The reaction is following 77: 
3 3 2 4 2 3 3 2 2 22 ( ) 2 5 2 ,Ag NH CH CO NH CO Ag NH CH CO H CO H O
       
3 3 2 4 2 3 2 3 3 2 2 22 ( ) 5 .Ag NH CH CO NH CO Ag AgCH CO NH CH CO H CO H O        
The solvent in the reactive silver ink can adjust viscosity, evaporation rate and 
surface tension for DOD droplet stabilization. The solvent and sintering temperature will 
affect reduction rates and morphology of the printed structure 77. It is shown that the 
reactive inks currently print porous materials with a large volume-fraction of voids 77 due 
to the evaporation of solvent. By adjusting the sintering temperature (22 oC to 105 oC), 
solvent (ethanol, 2,3-butuanediol) and the ratio of solvent to silver acetate,  the porosity 
can be reduced from 93% to 50% and the media resistivity is reduced to 1.8 μΩcm 77.  
1.4.2 Electromigraion 
Considering the porous nature of printed Ag, the reliability is a big concern. In 
this study, the reliability characterization regarding the electromigration of printed Ag 
will be studied. The electromigration happens when the current flow in metal lines for a 
long period of time. Due to motion of electrons, the momentum of the electrons transfer 
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to metal ions and push the ions to move 2. This is called electron “wind” effect, and is the 
root cause for electromigration. The electrical force applied on metal ions due to the 
electric field can also play a role in electromigration 2. The motion of the ions will results 
in the voids formation in one end of metal line and the hillocks at the other end 2. The 
voids lead to reduction of metal line area, increase in the line resistance, and eventually 
the break of metal line. The voids typically form at the grain boundary and triple points 
since they are the region of imperfection and accumulation of vacancies 2. Metal 
diffusion happens mainly through vacancies 2. The median time to failure (tf) for the 
elctromigration on solid metal line are typically predicted by Black’s equation 2. This 
equation is based on the assumption that the rate of mass transport is directly proportional 
to the momentum of electrons, to the number of activated ions, and to the number of 
electrons, and to the effective target cross-section 2: 
  (1.20) 
where AB is a constant related to line cross-sectional area, J is the current density in 
A/cm2, n is the current-density exponent, Ea is the activation energy in eV, kB is 
Boltzmann’s constant and T is the substrate temperature in Kelvin. 
 
1.5 Summary 
It has been more than 60 years since the invention of the first transistor92 . The 
semiconductor industry has been well developed over the 60 years. Integrated circuits 
and photovoltaic technologies are parts of the semiconductor industry. The economics of 
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semiconductor industries drives the innovation of new processing method and material in 
order to lower the cost of fabrication or to improve the devices’ performance. My 
research is focus on the characterization of novel thin-films in the integrated circuits and 
photovoltaic techniques. 
Chapter 2 will be the study of ion implanted thin-film and microwave annealing 
technology.  The rapid thermal annealing (RTA) is the most widely used method to repair 
damages, and active the implanted dopants in the ion implanted Si. Microwave (MW) 
annealing proposes fast, volumetric heating, and results in less dopants diffusion, so it is 
a promising alternative to rapid thermal annealing in terms of fabricating shallow 
junction devices. This study will be mainly focus on the electrical and structural 
characterization of MW annealed B+, P+ and As+ implanted Si. During MW annealing, P+ 
implanted samples show better dopant activation, recrystallization and less dopant 
diffusion than B+ implanted samples. It is shown that the microwave annealing has 
advantages over RTA. The As+ implanted samples are annealed by RTA and MW 
annealing using the similar heating curve/thermal budget. MW annealing results in lower 
sheet resistance and better extent of dopant activation than RTA does. On the other hand, 
when MW annealing and RTA results in same dopant activation in P+ implanted samples, 
MW annealing achieves no measurable dopant diffusion in a short time and at lower 
temperature, as compared to RTA. In terms of boron implanted Si, MW annealing shows 
more efficient dopant activation than RTA, be still has dopants diffusion in the end of the 
dopant profile. 
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Chapter 3 will be the electrical and structural characterization of laser annealed 
and MW annealed of ion implanted Si. The dopant activation of As+ implanted Si 
annealed are compared in regards to the energy absorbed during laser annealing and MW 
annealing. Laser annealing shows advantages for dopant activation. The two techniques 
show the same performance with respect to re-crystallization. The dopant depth profiles 
achieved by MW annealing and laser annealing have different characteristics that make 
them suitable for different applications. Laser annealing appears to be beneficial for 
annealing n-wells and p-wells for complementary metal-oxide semiconductor (CMOS) 
devices. Susceptor-assisted MW annealing is good for annealing source and drain regions 
in MOSFETs. 
Chapter 4 will cover the study of transparent composite electrode (TCE), a 
promising alternative to ITO. Indium-free TCE has been studied a lot due to their low 
coat and room temperature fabrication. This study mainly focuses on the numerical 
prediction of optical transmittance of TiO2/Ag/TiO2 by transfer matrix method. Factors 
that affect the accuracy of prediction results are studied. When the metal layer become 
ultra-thin, the predication will deviate from the measurement. The morphology of ultra-
thin Ag layer in TCE is studied to explain the deviation. It is shown that plasmonic nature 
of discontinuity of ultra-thin metal layer lead to enhanced optical absorption caused by 
localized surface plasmons. The predicted transmittance will deviate from the real 
transmittance when the TCE contains discontinuous Ag layer. However, the transfer 
matrix method is able to successfully predict the optical transmittance of TCE that have 
continuous Ag layer, and also able to roughly predict the transmittance dependence on 
layer thickness and estimate the optimal layer thickness for specific applications.  
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Chapter 5 will be the future work on fabricating and characterization of TCE 
tailored to P3HT:PC61MB organic solar cells (OSCs). The characterization of TCE 
mainly focus on its optical and electrical properties, which are the major concerns in solar 
cell application. The optical absorption peak of P3HT:PC61MB in OSC is between 450 
nm to 600 nm. TiO2/Ag/TiO2 electrode is selected as the candidate of anode in OSC. To 
maximize the light input to the active layer, the Haacke figure of merit for TiO2/Ag/TiO2 
electrode is optimized between 450 nm to 600 nm, including optimizing the Ag 
deposition rate, thicknesses of Ag and TiO2 layers. The optimal layer thickness is first 
estimated by transfer matrix method to narrow down the range of layer thickness for 
experimental fabrication. TCEs with layers that is within estimated optimal thickness 
range are fabricated. Their transmittance and sheet resistance is characterized and 
compared with ITO. The optimal layer thickness and deposition rate is determined and 
TCE with optimal layer thickness shows much higher device-specific Haacke figure of 
merit than ITO.  
Chapter 6 will focus on the fabricating P3HT:PC61MB organic solar cell on 
TiO2/Ag/TiO2 (TAgT) electrodes. TAgT as an alternative of ITO, is successfully 
incorporated into OSCs. The compatibility of two different HTLs (PEDOT:PSS and 
MoO3) with TAgT anode are studied. The impact of HTL on OSC’s performance, 
especially on Jsc, are studied by characterizing its contact at anode and active layer 
interfaces, and its wettability effect on active layer thickness. When using PEDOT:PSS as 
HTL, PCE of TAgT based OSC is worse than that of ITO based OSC. This is because 
TAgT is very vulnerable to PEDOT:PSS’s attack, which results in an extremely high 
sheet resistance in TAgT after PEDOT:PSS deposition. However, when MoO3 is 
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employed as HTL, MoO3 form ohmic contact with both ITO and TAgT anodes. As a 
result, MoO3 as HTL is more compatible with TAgT because it does not attack the metal 
oxide in TAgT and forms ohmic contact with TAgT. To compare the performance of 
TAgT anode with ITO anode, ITO based OSCs using PEDOT:PSS and MoO3 as HTLs 
are fabricated at the same time as control samples. Specifically, the impact of light 
transmittance and sheet resistance of two different anodes on the light input and seriers 
resistance (Rseries) of OSC are studied. It turns out that the different light transmittance of 
the two anodes does not have an impact on the device’s light absorption and PCE.  
Chapter 7 focus on the characterization of printed Ag film, especially the 
electromigration reliability. The printed Ag thin film shows porous natural. We study the 
failure mechanisms of silver lines that were printed using a low-temperature, self-
reducing, silver-diamine based ink (RSI). These studies demonstrate that Black’s 
equation does not suitably account for morphology-induced current crowding when 
predicting the lifetimes of printed silver or other porous conducting elements. Overall, a 
percolation based model is proposed that can take into account the effects of physical 
structure, mass-transport, and other degradation mechanisms that can impact the lifetimes 
of porous or “imperfect” printed electronic devices. We demonstrate that percolation-
based model (for predicting the electromigration failure time) is suitable for predicting 
the increase in resistance of porous conducting lines under a current bias. 
Chapter 8 is about the future work on using TCE for inverted organic solar cells. 
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2. ELECTRICAL AND STRUCTURAL CHARACTERIZATION OF ION 
IMPLANTED SILICON ANNEALED BY MICROWAVE AND RTA 
2.1 Introduction 
In integrated circuit manufacturing, dopants are introduced into the substrate 
wafer and are then activated to alter the resistivity of the wafer surface 93. Methods of 
dopant introduction include diffusion and ion implantation. The most commonly used 
method is ion implantation. With this technique, dopant atoms are ionized, accelerated to 
energies of 30-100 keV or higher, and then bombarded into the wafer5. During this 
process, a large number of vacancies and interstitials, and a disordered array of atoms are 
created at and near the wafer surface, typically leading to the creation of an amorphized 
layer 5. To remove this implant damage, the wafers are annealed at elevated temperatures 
and dopant atoms are also electrically activated as they move into substitutional sites in 
Si lattice. 
Anneal methods, which are widely used to achieve recrystallization, include laser 
annealing, rapid thermal annealing (RTA), and metal induced crystallization (MIC) 11, 12, 
24, 29. However, laser annealing suffers from non-uniform heating and surface melting, 
and MIC introduces contaminants during annealing. Driven by the International 
Technology Roadmap for Semiconductors (ITRS), device features and electrical junction 
depths are being scaled down significantly 94, necessitating precise control over position 
of dopant atoms in the devices. The low energy implantation could create a shallow 
junction, however, the post implantation thermal annealing will cause the dopants diffuse 
towards the substrate so the junction is not that shallow any more. In addition, 
minimization of dopant diffusion during the annealing processes is required. RTA, which 
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aims to minimize the diffusion of dopants by use of a steep temperature ramp 13 and 
reduced duration of anneal, still causes an undesirable amount of end-of-range diffusion 
95. On the other hand, it has been reported that susceptor-assisted microwave annealing 
(MWA) minimizes end-of-range diffusion while creating a high quality recrystallized Si 
layer in As+ implanted Si wafers, in a short time 10. 
In this study, susceptor-assisted MWA is used for electrical activation while 
minimizing the diffusion of dopant atoms into the substrate, when compared with RTA. 
For As+ implanted Si, similar heating curves/thermal budgets of MWA and RTA are 
conducted. MWA achieves more efficient dopant activation than RTA does. The 
mechanism responsible for the observed better electrical activation achieved by MWA at 
low temperature is discussed. This study also elucidates the evolution of extended defects 
in boron implanted silicon, and correlates the defects with features observed in RBS/ion 
channeling spectra. Dopant diffusion is compared between samples that have almost the 
same resulting dopant activation after MWA and RTA. 
2.2 Experimental 
Silicon n-type wafers of (001) orientation with a resistivity range of 1-5 Ω-cm 
were implanted with boron (acceptor) atoms. The implantation was performed with an 
energy of 15 keV and doses of 2, 3, and 41015 cm-2 to achieve shallow as implanted 
junction. The expected range (Rp) calculated using SRIM was 58.7 nm 
96. The other set of 
(001) oriented, 1-5 Ω-cm p-type Si wafers was implanted with phosphorus (donor) atoms 
using the same energy and dosages as the boron implants, for an expected range (Rp) of 
23.5 nm 96. High energy arsenic implanted Si was also prepared. Arsenic ions were 
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implanted into (001) orientated Si wafers that are p-type boron doped. The implantation 
was performed with an energy of 180 keV and doses of 21015 cm-2. During the 
implantation, the all wafers were titled at 7° off the incident beam to minimize ion 
channeling.  
A 2.8104 cm3 cavity microwave oven was used for post-implantation annealing with 
single frequency 2.45 GHz microwaves generated by a 1200 W magnetron source. All 
MWA were performed by mounting the samples onto a SiC susceptor. SiC is a high 
dielectric loss material, as a result of which, it strongly absorbs microwaves and can 
efficiently convert the microwave energy into heat. The susceptor heats up and then 
provides conductive heating to the ion-implanted silicon samples, causing the samples to 
ramp up to high temperatures 10, 97. The surface temperature of the samples was 
monitored in-situ as a function of time, using Raytek Compact MID series pyrometers. 
The emissivity of the samples was estimated by calibration of the pyrometer’s 
temperature reading against temperature measured by a thermocouple. To cover the large 
temperature range used in annealing, two pyrometers were used with measurement 
temperature ranges of 0-600 °C and 200-1000 °C. The anneal time for boron implanted 
samples ranged 60-400 seconds and the corresponding surface temperature range was 
663-747 °C. The anneal time for phosphorus implanted samples ranged 10-240 seconds 
and the corresponding surface temperature range was 294-740 °C. The anneal time for 
arsenic implanted sample was 50 seconds and 100 seconds and the highest surface 
temperature is 575 oC and 814 oC, respectively. RTA was compared with MWA. In RTA, 
samples were annealed in N2, using a Tamarack 180M RTA oven, for various anneal time 
and temperature combinations. 
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Activation of dopant atoms, recrystallization, and diffusion effects were investigated 
by several characterization techniques. To estimate the extent of dopant activation, the 
sheet resistance (Rsh) of each sample was measured using a 4-point probe system 
equipped with a 100 mA Keithley 2700 digital multimeter. Hall measurements were also 
conducted to estimate the carrier concentrations as well as to determine the fraction of 
activated dopants. Indium was deposited to form Ohmic contacts on the Si samples, and 
then the samples were placed on a printed circuit board for measurements using a Van de 
Pauw method under a magnetic field of 5000 Gauss.   
The presence of implantation damage and the extent of recrystallization after 
annealing were assessed by ion channeling based on Rutherford Backscattering 
Spectrometry (RBS) of as-implanted and annealed samples. A 2 MeV He+ ion beam was 
focused on the samples along [001] channeling and random directions. The resulting RBS 
spectra were plotted using computer software, RUMP. In addition, the crystal structure of 
as-implanted and MWA samples were examined using Raman spectroscopy. A 532 nm 
argon laser beam was directed upon the samples and the resulting light was reflected into 
a Sopra 2000 2m double spectrometer with a 50% beam-splitter, and then collected using 
a 60 pixel/cm energy dispersion CCD Camera 98.  
To investigate the presence and evolution of defects, transmission electron 
microscopy samples were prepared using a Nova 200 NanoLab focused ion-beam tool. 
The microstructure of the samples before and after annealing was evaluated using cross-
section transmission electron microscopy (XTEM) with a beam energy of 200 keV. 
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Diffusion of dopants was investigated using secondary ion mass spectroscopy 
(SIMS) profiles from as-implanted and MWA samples. SIMS was also performed on 
RTA treated samples to compare the extent of diffusion in both MWA and RTA samples. 
Boron and phosphorus signals were monitored as a function of sputtering time, and were 
calibrated using a standard to provide the concentration of dopants as a function of depth.  
2.3 Results and Discussion 
2.3.1 Heating Curve 
Figure 2.1 illustrates typical heating curves (anneal temperature as a function of 
time in the range of 200-1000 °C) for these experiments. When the microwave power is 
turned off, the temperature drops rapidly. The anneal time is defined as the time interval 
between the power-on event and the power-off event. The maximum anneal times for the 
B+ implanted and P+ implanted samples in our study are 400 s and 240 s, respectively. 
The temperature of the B+ implanted and P+ implanted samples reached the highest value 
at ~160 s and began to decrease slowly after ~ 230 s. The highest temperature reached for 
both B+ and P+ implanted samples, with the various implant doses, was ~ 740 °C. This 
indicates that for the experimental conditions used in this study, dopant species and dose 
have little influence on the maximum MWA temperature, when the annealing is 
performed with the assistance of a susceptor.  
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Figure 2.1 Temperature as a function of time measured by a pyrometer with a 200-
1000 °C range for B+ and P+ implanted Si samples: 21015 B+ cm-2 (B1), 
31015 B+ cm-2 (B2), 41015 B+ cm-2 (B3), 21015 P+ cm-2 (P1), 31015 P+ 
cm-2 (P2), 41015 P+ cm-2 (P3) 
2.3.2 Dopant Activation and Recrystallization in MWA for P+ Implanted Si and B+ 
Implanted Si 
During MWA, dopants move to substitutional positions and become electrically 
activated and this results in decreased Rsh. The drop in Rsh depends on the extent of 
dopant activation. The Rsh of the as-implanted samples is too high to be measurable via 
the four-point-probe set-up used in this study. The sheet resistances of P+ implanted 
samples as a function of anneal time, in Figure 2.2, drop sharply within 40 s and then 
remain constant. However, the Rsh values of B
+ implanted samples, in Figure 2.2, 
decrease gradually and saturate at higher values (than the corresponding P+ values) within 
200 s of annealing.  
Hall measurement results are tabulated in Table 2.1. The fraction of dopants 
activated is calculated by taking the ratio of sheet concentration (cm-2) to the dose (). 
The average fraction is ~ 16% for B+ implanted Si, much lower than the corresponding 
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value for P+ implanted Si, in agreement with the Rsh measurements. In other words, the P
+ 
implanted samples show more efficient electrical activation than the B+ implanted 
samples do.  
 
Figure 2.2 Rsh as a function of time for 21015 P+ cm-2 implanted Si (solid square), 31015 
P+ cm-2 implanted Si (solid circle), 41015 P+ cm-2 implanted Si (solid 
triangle), 21015 B+ cm-2 implanted Si (open square), 31015 B+ cm-2 
implanted Si (open circle), 41015 B+ cm-2 implanted Si (open triangle). 
The regrowth rate of the amorphous layer during solid phase epitaxial growth 
significantly affects the efficiency of electrical activation 99. After the initial 30 s anneal, 
the Rsh of P
+ implanted Si is lower than that of the B+ implanted Si. The relatively high 
effective carrier concentration in P+ implanted silicon enables its amorphous layer to 
regrow faster 99. The regrowth rate and the electrical activity of the layer near the 
amorphous-crystalline interface are closely interrelated 99. The faster regrowth rate in P+ 
implanted silicon in turn enhances the electrical activity. This positive feedback enables 
the recrystallization and electrical activation to occur in a much shorter time, 40 s for the 
P+ implanted Si, compared to the B+ implanted Si.  
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Table 2.1 Hall measurement results and activation calculations for 40 s microwave 
annealed 21015 P+ cm-2 and 41015 P+ cm-2 implanted Si, 400 s microwave annealed 
21015 B+ cm-2 implanted Si and 350 s microwave annealed 41015 B+ cm-2 implanted Si. 
The sheet thickness is approximated by 2Rp to obtain the sheet concentration. 
Sample 
Resistivity 
(Ωcm) 
Carrier 
type 
Sheet 
concentration 
(cm-2) 
Bulk 
concentrat
ion 
(cm-3) 
Mobility 
(cm2/V-
sec) 
Activated 
Fraction 
(%) 
21015 P+ 
cm-2 front 
95.063 N 1.281015 2.721020 51.3 64 
41015 P+ 
cm-2 front 
83.071 N 1.631015 3.471020 46.1 41 
41015 B+ 
cm-2 front 
219.66 P 5.971014 5.101019 47.2 15 
21015 B+ 
cm-2 front 
313.623 p 3.581014 3.051019 55.6 18 
 
Figure 2.3 displays Raman spectra obtained from as-implanted and annealed 
samples. In the Raman spectra from the P+ implanted samples, shown in Figure 2.4(a), 
the as-implanted and 20 s annealed samples each have a broad peak at 470-480 cm-1. This 
peak results from the amorphous Si layer that is created by ion implantation 10. The sharp 
Raman peak at 520 cm-1, from the as-implanted sample, is from crystalline Si in the 
substrate 21. The sharp crystalline Si peak at 520 cm-1 from the 20 s annealed sample is 
attributed to both Si substrate and partially crystallized Si near-surface layers. The 
incident Raman laser beam penetrates beyond the amorphous layer and into the 
crystalline Si (c-Si) substrate and this results in the Si substrate contributing to the Si 
Raman line 21. After a 40 s anneal, the broad amorphous Si (a-Si) peak disappears and the 
magnitude of the 520 cm-1 crystalline Si peak increases. This indicates that more 
crystalline Si has formed in the 40 s sample when compared to the 20 s annealed sample. 
Even with a 100 s anneal, the magnitude of the crystalline Si peak does not increase 
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further, which suggests that the damaged Si lattice has been almost completely repaired 
after 40s. It should be noted that the crystalline Si peaks in these samples originate from 
both the c-Si substrate and the recrystallized Si near the surface.  
 
Figure 2.3 Raman spectra from ion-implanted Si: (a) 41015 P+ cm-2 with different anneal 
times; (b) 41015 B+ cm-2 with different anneal times. 
In the Raman spectra from the B+ implanted samples, shown in Figure. 2.3(b), the 
520 cm-1 single-crystal Si peaks from the 200 s and 350 s annealed samples overlap, 
indicating that recrystallization of the amorphous Si layer is complete after 200 s. The 
broad amorphous Si peak in the B+ as-implanted sample is barely distinguishable. 
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Furthermore, the single-crystal Si peak in the B+ as-implanted sample is very strong and 
is comparable to the corresponding peak of the annealed samples. This result indicates 
that the amount of damage in the B+ as-implanted sample is smaller than in the case of 
the P+ implanted sample. Since the implantation energy of the boron falls into an energy 
range where electronic energy losses are greater than nuclear energy losses, the boron 
ions primarily experience electronic energy losses which cause lower amounts of damage 
in the Si 5.  
Figure 2.4(a) shows RBS spectra from 41015 P+ cm-2 implanted Si in random and 
[001] channeling directions. In general, lower backscattering yield in the spectra is 
indicative of better crystalline quality of the samples. The backscattering yields in the 
channeling direction for P+ implanted samples after 40 s and 100 s annealing are similar 
and are much lower than the yield from the as-implanted sample. These results indicate 
that the repair of the damaged layer in ion implanted Si is complete after 40 s MWA. This 
finding is consistent with the Raman results. 
Similarly, in the case of the 21015 B+ cm-2 implanted Si in Figure. 2.4(b), the 
reduced backscattering yield in the MWA sample indicates that the damaged layer in the 
B+ implanted Si is repaired after 200 s. A second peak is observed at a location 
immediately after the outermost surface peak, and is still present even after annealing. 
This suggests that there are extended defects beneath the Si surface. Such defects cause 
dechanneling and results in a second peak in the ion channeling spectra of the B+ as-
implanted sample. Upon annealing, the damaged layer is recrystallized, but extended 
defects such as dislocation loops are not removed. This results in the observed reduced 
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backscattering yield and the second peak remaining in the ion channeling spectrum from 
the microwave annealed sample. 
 
Figure 2.4 RBS spectra from ion-implanted Si samples: (a) ion channeling from 41015 
P+ cm-2 implanted Si: as-implanted in a random direction (dashed line), as-
implanted in a [001] direction (dash-dotted line), annealed for 40 s in [001] 
direction (solid line), annealed for 100 s in [001] direction (dotted line). (b) 
ion channeling from 21015 B+ cm-2 implanted Si: as-implanted in random 
direction (dashed line), as-implanted in [001] direction (dash-dotted line), 
annealed for 200 s in [001] direction (solid line), annealed for 400 s in [001] 
direction (dotted line). 
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Figure 2.5 TEM micrographs from 21015 B+ cm-2 implanted Si: (a) 200 s microwave 
annealed; (b) 400 s microwave annealed. 
Transmission electron microscopy (TEM) analysis was performed to check for 
defects beneath the surface of the B+ implanted Si. The TEM micrographs in Figure. 
2.5(a) and (b) show a presence of extended defects in the 200 s and 400 s MWA 21015 
B+ sample. These defects lead to the second damage peak observed in the case of the 
annealed samples. With the 200 s anneal, boron interstitial clusters (BICs) and extended 
defects are formed as shown in Figure. 2.5(a) 94. After an additional 200 s anneal at the 
same temperature, 747 °C, the small extended defects and BICs dissolve by emitting Si 
interstitials. The emitted Si interstitials are transported to larger extended defects 
resulting in Ostwald ripening of the defects 100. This mechanism then causes an increase 
in size and a decrease in areal density of the extended defects as seen in Figure. 2.5(b) 
compared with Figure. 2.5(a) 100.  
2.3.3 Dopant Activation and Recrystallization in MWA vs. RTA for As+ Implanted Si 
For comparison of dopant activation, MWA and RTA were performed on As+ 
implanted Si using similar heating curves/thermal budgets. Annealing was conducted for 
50 seconds and 100 seconds, and the heating curves of both durations were intentionally 
kept almost the same for MWA and RTA. Heating curves for 50 seconds annealing is 
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shown Figure. 2.6. The ramp rate, the peak temperature of RTA and MWA were kept 
almost the same, which mean the total energy input to the sample are almost the same in 
those two process. The resulting sheet resistances are shown in Table 2.2. It turned out 
that sheet resistances of P+ implanted Si samples after 50 sec RTA was significantly high 
and even out of the measurable range of the four point probe. In contrast, 50 sec MWA 
enables significantly drop of sheet resistance.  
 
Figure 2.6 The heating curve of MWA and RTA for 50 sec duration.  
After 100 sec annealing, dopant activation was achieved in RTA sample, but its 
sheet resistance is almost the same as the sheet resistance of 50 sec MWA sample, which 
is higher than the sheet resistance of 100 sec MWA sample. The sheet resistance of As+ 
implanted Si annealed by MWA for different duration is shown in Figure 2.7. It indicates 
that a sufficient dopant activation is achieved within 50 sec, which is more efficient than 
RTA.  
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Table 2.2 The sheet resistance for 2  1015 cm-2 As+ implanted Si annealed by MWA and 
RTA using the similar thermal budget for 50 sec and 100 sec. 
Annealing condition  R sh (Ω/square) 
RTA 50s N/A 
MWA 50s 93 
RTA 100s 90 
MWA 100s  80 
 
 
Figure 2.7 Rsh as a function of time for 21015 As+ cm-2 implanted Si annealed for 
different duration. 
MWA and RTA are conducted using the similar heating curve as shown in Figure 
2.6. The recrystallization during MWA and RTA are compared by inspecting the RBS 
ion channeling spectrum as shown in Figure 2.8. As ion channeling yield on the surface 
for as-implanted Si is as high as the yield in random direction, which indicates the 
formation of amorphous Si on the surface. After 50 sec RTA, there is still a relatively 
thick amorphous layer on the sample surface. Only a small amount of amorphous layer is 
recrystallized after 50 sec RTA since the width of amorphous Si signal is only reduced a 
little in comparison with as-implanted Si. However, the amorphous layer is completely 
recrystallized after 50 sec MWA since the yield of backscattered ions is significantly 
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reduced and no amorphous Si signal is observed. This result is consistent with the dopant 
activation that discussed in last section. After 100s, the ion channeling spectra of RTA 
and MWA are the same, indicating the same extent of dopant activation. 
 
Figure 2.8 RBS spectra from 21015 As+ cm-2 implanted Si samples before and after 
annealing (a) 50 sec RTA and MWA and (b) 100 sec RTA and MWA. As-
implanted Si in a random direction (black solid line), as-implanted Si in a 
[001] direction (green dashed line), RTA Si in [001] direction (blue dash-
double dotted line), MWA Si [001] direction (red dash-dotted line) 
A mechanism 101-103 that involves ion hopping caused by microwave field is 
proposed to be the source for the enhanced dopant activation resulting from MWA 
annealing. Ion hopping, which is known to be operational in ac conductivity of ionic 
glasses and disordered crystalline materials, can occur by two different processes: a 
translational process and a localized process101-103. 
The two ion-hopping processes are mathematically described by fitting the 
measured ac conductivity of ionic glasses as a function of frequency. The relationship 
between conductivity and frequency is shown as 101, 102: 
  (2.1) 
( ) p qdc A Bv     
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where σdc is DC conductivity, ν is frequency, A and B are pre-factors, and p and q are 
exponents. Translational hopping is operative when the exponent p is found to be smaller 
than 1. A value of q between 1 and 2 corresponds to localized hopping 101, 102. 
 
Figure 2.9 Schematic of the localized ion hopping process in disordered materials. (bulk 
material’s atoms: solid circles; ions: open circles; vacancies: open squares) 
The localized ion hopping process, as shown in Figure 2.9, is active at radio and 
microwave frequencies and can be applied to our case. The localized process occurs via 
small short-range hops and is enhanced by lattice disorder in the material 101, 102. The 
disorder provides energetically favorable neighboring sites that are available for ion 
hopping 101, 102. Since those positions are energetically favorable, once an ion hops into 
such a position it will tend to not leave that position 101, 102. If this energetically favorable 
position is a neighboring vacancy site, then when an implanted dopant atom hops into 
that vacancy site and stays there, the dopant atom becomes a substitutional dopant atom, 
which is now electrically active. Hence, enhancement of such localized ion-hopping by 
61 
 
the oscillating microwave field, could be responsible for the enhanced dopant activation 
observed in the case of MWA. 
When the thermal budgets for RTA and MWA are intentionally matched, the 
resulting thermal energy of the dopant atoms is the same during both MWA and RTA. 
However in the presence of a MW field, the ions experience an additional oscillating 
electric force that arises from interaction of the ionic charge with the electric field 
component of the microwave. This provides an additional force that causes the ions to 
move back and forth 14, and increases the likelihood of localized short-range hopping 101, 
102. In other words, dopants gain additional kinetic energy in the presence of a microwave 
field, and are therefore more likely to hop to nearby energetically favorable sites, such as 
adjacent vacancies, and thereby become substitutional atoms. This mechanism would 
explain enhanced activation of dopants during MWA in comparison with RTA.  
2.3.4 Dopant Diffusion in MWA vs. RTA for P+ Implanted Si and B+ Implanted Si 
The diffusion of B+ and P+ dopants before and annealing MWA and RTA are 
compared. The annealing conditions and resulting sheet resistance are shown in Table 
2.3. Figure 2.10(a) shows SIMS profiles from 41015 B+ implanted Si before and after 
annealing. Immobile boron peaks and extended diffusion in the tail region are evident in 
SIMS profiles of the MWA samples. Such phenomena are a common occurrence in boron 
implanted silicon that has been annealed, and is typical of transient enhanced diffusion 
(TED) 94-96. The extended tail region is due to TED, in the course of which, Si self-
interstitials kick-out substitutional boron atoms resulting in mobile boron interstitials, or 
alternatively, in the formation of mobile Si-B pairs that can diffuse rapidly through the Si 
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substrate 94, 96, 100. The immobile peaks are associated with extended defects which trap 
the boron dopants, and with the formation of BICs that are immobile and which impede 
dopant activation 104. In our case, the average boron dopant activation is only 16%. The 
presence of extended defects in TEM micrographs of the 200 s annealed 21015 B+ 
implanted Si (Fig. 2.5(b)) is consistent with this explanation above. 
Table 2.3 The thermal budgets for MWA and RTA for P+ implanted Si wafers and B+ 
implanted Si wafers, and the corresponding sheet resistances. 
Thermal 
Budget 
No. 
Dopant 
species 
Annealing 
condition  
Total 
time 
(s) 
Ramp 
time 
(s) 
Peak 
Temperature 
(oC) 
Dwell 
time 
(s) 
Rsh 
(Ω/sq) 
1 21015 cm-2 
P+  
RTA 
710oC  
74  34 710 40 93 
2 21015 cm-2 
P+ 
Microwave 
40s 
40 40 584 0 91 
3 41015 cm-2 
B+ 
RTA 738 
oC 
96 36 738 60 340 
4 41015 cm-2 
B+  
Microwave 
200s 
200  140 738 60 251 
 
Boron profiles from the 200 s MWA samples are essentially the same as the boron 
profile from the 350 s MWA sample in Fig. 2.10(a). This suggests that no further 
diffusion occurs after 200 s of MWA. This absence of further diffusion is due to the 
strong dependence of TED on the supersaturation of free Si interstitials 94, 96. Depending 
on processing conditions, the average local Si interstitial concentration (Cint) can exceed 
the equilibrium interstitial concentration (Ceq). In such a case, the supersaturation (S) can 
be defined as 
int / eqS C C  
94. The enhanced diffusivity of boron (DB,TED) is proportional 
to the supersaturation, and can be be expressed as follows 94:  
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int
, , ,B TED B eq B eq
eq
C
D D S D
C
   (2.2) 
where DB,eq is boron’s diffusivity under equilibrium conditions. During the initial stages 
of annealing, the supersaturation S is large and therefore TED proceeds quickly. 
Meanwhile, small interstitial clusters form and then grow by consumption of free Si self-
interstitials 94. This results in the decay of the supersaturation of free Si interstitials and a 
gradually decreasing rate of TED 94.  
 
Figure 2.10 SIMS profile from ion implanted Si: (a) 41015 B+ cm-2 implanted Si before 
annealing (solid line), after microwave annealing for 200 s (dotted line) and 
350 s (dash dotted line) after RTA at 950 oC for 90 s (dashed line); (b) 
21015 P+ cm-2 implanted Si prior to annealing (solid line), after microwave 
annealing for 40 s (dotted line), after RTA at 710 °C  for 40 s (dashed line). 
In the later stages, Ostwald ripening94 occurs and small extended defects emit Si 
atoms and finally disappear. Large extended defects grow in size by the consumption of 
Si atoms that are emitted from small-extended defects. Compared to the early stages, the 
supersaturation of Si interstitials at this later stage is much lower 94, and therefore there is 
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almost no enhancement of boron’s diffusivity; and hence,  TED essentially stops. Due to 
these reasons, no diffusion happens after the 200 s of anneal.  
For the boron profile of the RTA sample (950 oC for 90 s) in Fig. 2.10(a), the 
significant boron diffusion observed in the profile is likely due to a large amount of Si 
interstitials and boron dopants which are released during dissolution of the extended 
defects in the sample 3, 94, 95, 104. The high temperature of the RTA anneal can remove 
most dislocations and BICs 3, 5, 94, 104 and this results in a temporary supersaturation of 
free Si interstitials and boron atoms. It is this temporary supersaturation that gives raise to 
the enhanced local diffusion 94, 104. Moreover, the diffusivity DB,eq also depends on 
temperature, as shown in following equation:  
 , 0 exp( )
A
B eq
E
D D
kT
   (2.3) 
where D0 is the pre-exponential parameter, EA is the activation energy, k is Boltzmann’s 
constant, and T is the temperature. Hence, the increased boron diffusion in RTA is also 
attributable to its high anneal temperature. In contrast, the reduced TED in microwave 
annealing is due to boron’s low diffusivity at reduced anneal temperature, combined with 
a reduction in the removal of extended defects 105, 106.  
The extent of dopant diffusion in P+ implanted Si, with almost the same resulting 
sheet resistances after RTA and MWA, was compared in Fig. 2.10(b). The samples were 
annealed using RTA and MWA under thermal budgets 1 and 2 as shown in Table 2.1. 
The two techniques achieved almost the same sheet resistance, indicating equivalent 
dopant activation in both cases. SIMS profiles obtained from these P+ implanted Si 
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samples are shown in Fig. 2.10(b). No measurable phosphorous diffusion occurred in the 
40 s MWA sample, whereas significant phosphorus diffusion was observed after RTA. 
MWA (performed at lower temperatures and for shorter time durations) can achieve the 
same level of dopant activation in P+ implanted Si as RTA (that is performed at higher 
temperature and for longer time durations). The reduced temperature and time of the 
MWA successfully minimizes the extent of dopant diffusion. 
2.4 Conclusions 
This work investigated the electrical and structural properties of B+ implanted, P+ 
implanted and As+ implanted Si samples before and after MWA. The results of this study 
show that MWA is able to cause effective dopant activation and recrystallization of ion 
implanted Si. Due to ion hopping that occurs during MWA, the ion implanted Si samples 
experience more effective dopant activation after MWA than that achieved by a 
comparable thermal budget of RTA. This enables better dopant activation at equivalent 
thermal budget for MWA and RTA. The reduced temperature used in MWA enables the 
reduction of TED of boron dopants, but does not facilitate the complete removal of 
extended defects. P+ implanted samples on the other hand, experience higher electrical 
activation than B+ implanted samples, after annealing. Moreover, MWA of P+ implanted 
samples lead to no measureable dopant diffusion, and result in equivalent phosphorus 
dopant activation at lower temperatures and in a shorter time, compared to RTA. For the 
conditions investigated in this work, the extent of microwave absorption in susceptor-
assisted microwave heating depends on the bulk substrate material being heated, rather 
than the implanted dopant species or dose.  
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3. CHARACTERIZATION OF AS+ IMPLANTED SI ANNEALED BY SCANNING 
LASER AND MICROWAVE 
3.1 Introduction 
The most widely used annealing method is rapid thermal annealing (RTA) 3, 10. 
Some alternatives of RTA are merging, such as laser annealing and microwave annealing. 
We have showed that microwave annealing benefit from it low processing temperature 
and diffusion-less dopant profile in Chapter 2. Laser annealing benefit from its fast and 
epitaxial regrowth due to the presence of liquid phase during the annealing23. As a results, 
the comparison between microwave and laser annealing are proposed. The dopants 
activation, recrystallization and dopant diffusion obtained by the two process techniques 
will be compared and investigated.  
Metal-oxide-semiconductor field-effect transistors (MOSFETs) are indispensable 
as electronic devices. During the fabrication of MOSFETs, dopants including As+, B+ and 
P+ are incorporated into Si wafers to alter the resistivity of the wafer surface and to define 
active regions of devices.3, 22, 107 Dopants are incorporated by diffusion or ion 
implantation, with ion implantation being the more common method. Ion implantation is 
performed by accelerating ionized dopants to energies of 30 – 100 keV, and then 
implanting them into the wafer.4 During the implantation, these high energy ions 
bombard the atoms on the wafer lattice and disorder those atoms that are near the wafer 
surface.4 As a result, lots of vacancies and interstitials are created, and an amorphous 
layer is formed in the vicinity of the wafer surface.4 To recrystallize the amorphous layer, 
and to incorporate the dopant atoms into substitutional sites of the lattice, the wafer needs 
to be annealed at an elevated temperature. 
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The most commonly used annealing method is rapid thermal annealing (RTA). 
Some alternatives to RTA are emerging, such as laser annealing and microwave 
annealing28, 108-110. With RTA, the entire silicon wafer is heated to the annealing 
temperature10, 21. This can cause excessive dopant diffusion.  In contrast, due to silicon’s 
high optical absorptivity in the visible and near-IR regimes, laser annealing can target just 
the amorphous region111. This minimizes the thermal budget needed for the annealing 
process. In addition, laser annealing can provide a higher degree of dopant activation than 
RTA, by overcoming the solid solubility limits for the dopant ions23. Microwave (MW) 
annealing also reduces the thermal budget with respect to RTA because dopant activation 
can be accomplished at a lower annealing temperature112. However microwave annealing 
is still limited by the solid solubility limits for the dopant ions. 
In this study, As+ implanted Si wafers are annealed by susceptor-assisted 
microwave and laser annealing. The dopant activation is estimated by measuring the 
sheet resistance of annealed samples via four-point probe analysis. The extents of 
recrystallization of the amorphous layers during MW and laser annealing are assessed by 
ion channeling and Rutherford Backscattering Spectrometry (RBS). The dopant 
distributions before and after annealing are studied by Secondary Ion Mass Spectrometry 
(SIMS). Laser annealing shows advantages for dopant activation. The two techniques 
show the same performance with respect to re-crystallization. The dopant depth profiles 
achieved by MW annealing and laser annealing have different characteristics that make 
them suitable for different applications. Laser annealing appears to be beneficial for 
annealing n-wells and p-wells for complementary metal-oxide semiconductor (CMOS) 
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devices. Susceptor-assisted MW annealing is good for annealing source and drain regions 
in MOSFETs. 
3.2 Experimental 
Arsenic ions were implanted into (001) orientated Si wafers that are p-type boron 
doped. The implantation was performed with an energy of 180 keV and doses of 11015 
cm-2 and 41015 cm-2. To minimize ion channeling during implantation, the wafers were 
titled at 7° off the incident beam.  
Microwave (MW) annealing of the As+ implanted Si was conducted in a 2.8104 
cm3 cavity MW oven with a 1200 W magnetron source, and using a single frequency of 
2.45 GHz. Implanted Si samples were mounted on a SiC susceptor. SiC can efficiently 
convert the MW energy into heat, and rise to a relatively high temperature, due to its high 
dielectric loss and strong absorption efficiency for MWs.21 As a result, the ion-implanted 
silicon samples on the susceptor were heated by conductive heating from the susceptor21, 
97. Raytek Compact MID series pyrometers (measurable range of 200-1000 oC) were used 
to monitor the in-situ sample surface temperature as a function of time. The anneal time 
varied from 20 s to 100s, and the corresponding temperature ranged from 449 oC to 815 
oC.  
The laser annealing was performed on a Universal Laser Systems PLS6MW with 
a 1.06 µm wavelength fiber laser.  The fiber laser had an average output power of 40 
Watts.  For the laser annealing experiments, the laser power was modulated from 65% 
(26 Watts) to 85% (34 Watts). The laser beam was focused to a circular spot with a size 
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of 25 µm.  The beam was rastered across the ion implanted silicon sample at a speed of 
30 cm/s, and at a frequency of 500 kHz. 
The extent of dopant activation was estimated by measuring the sheet resistance 
(Rsh) of each sample. The measurements were conducted using a four-point probe system 
equipped with a 100 mA Keithley 2700 digital multimeter.  
The presence of implantation damage in as-implanted Si and the extent of 
recrystallization in annealed As+ implanted Si samples were studied by ion channeling 
based on RBS. Since the As+ implanted samples are prepared from (001) oriented Si 
wafers, a 2 MeV He+ ion beam was aligned along the sample’s [001] channeling 
direction. A channeling spectrum was then obtained by tilting the sample to 5o from the 
normal and rotating the sample in the azimuth until the yield reached a minimum.  
Diffusion of dopants was investigated by comparing depth profiles of arsenic ions 
before and after the samples were MW or laser annealed.  The depth profiles were 
obtained by SIMS. The primary ion used for SIMS was Cs+, and secondary 30 Si+ and 75 
As+ ion signals were alternatively collected as a function of sputtering time. The depth 
was calibrated by measuring the crater depth, and the concentration was calibrated by 
equating the area under the profile to the dose of arsenic ions. Using this method, the ion 
signal as a function of time was converted to an As+ concentration as a function of depth. 
The depth values were corroborated using RBS analysis.  
3.3 Results and Discussion 
The output power was varied for the laser anneals, while the annealing time was 
varied for the MW anneals. For a side by side comparison, the absorbed energy density 
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was calculated for both laser and MW annealing. The resulting sheet resistances of laser 
annealed and MW annealed samples are compared as a function of absorbed energy 
density, in Figure. 3.1. The results show that the laser annealing achieves a similar or 
even lower sheet resistance while using only ~1/7 of the energy density that is required for 
the MW annealing. With laser annealing, the sheet resistance of the annealed sample 
drops abruptly as the energy density is increased. In contrast, once the energy density in 
the MW annealing is above a threshold, the sheet resistance of the MW annealed samples 
begins to drop dramatically to a certain level, and then decreases slowly as the energy 
density increases. Based on the above comparison, laser annealing shows great advantage 
over MW annealing for dopant activation, since it enables higher levels of dopant 
activation at a lower energy density.  
 
Figure 3.1 The sheet resistance of As+ implanted Si after laser annealing with various 
powers and MW annealing with various times (a) 1  1015 As+ cm-2 implanted 
Si, (b) 4  1015 As+ cm-2 implanted Si. 
The high extent of dopant activation, achieved at a lower energy density in laser 
annealing, is due to surface heating during laser annealing. The amorphous Si has a larger 
absorption coefficient α (104 cm-1) at a wavelength of 1.06 µm (laser wavelength used in 
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this study).23 As a result, most of the laser energy is absorbed in the thin amorphous layer 
as opposed to the crystalline substrate. This causes the Si surface to melt. According to 
SRIM simulation, the thickness of the amorphous layer is about 0.24 µm (2Rp) 
14. Once 
the laser beam penetrates down to the crystalline Si substrate, the energy density is 
diluted due to the relative small absorption coefficient α (50 cm-1) of crystalline Si. The 
energy absorbed per unit volume (in Joules per cubic centimeter) as a function of sample 
depth (z) during laser annealing can be calculated by 23: 
 /
0( ) [(1 ) / ]
z dz I R d e     (3.1) 
where the I0 is the output /incident energy density of the laser (in Joules per square 
centimeter), R is the reflectance of Si at the laser wavelength (1.06 µm) and d is the 
absorption depth, which is the reciprocal of the absorption coefficient α. According to the 
above equation, the absorption depth d could be calculated from the reciprocal of the 
absorption coefficient, as 1 μm and 200 μm for amorphous silicon and crystalline silicon, 
respectively.23 Note that the absorption depth here denotes a penetration depth at which 
the magnitude of the laser beam has decayed to 1/e of its surface value. Compared to the 
absorption depth, the 0.24 μm thickness of the amorphous silicon layer is relative small. 
Therefore, a Φ(z) plot with a near-linear shape was observed rather than an exponential 
function. This calculated result for the absorbed energy density per unit volume across 
the sample depth z during laser annealing is shown as the solid black curve in Figure. 3.2. 
The energy absorbed per volume by the amorphous layer is almost three orders of 
magnitude greater than that absorbed by the crystalline layer. 
MW annealing results in volumetric heating 14. Instead of being mainly absorbed 
by the amorphous layer, the energy will be absorbed uniformly across the entire Si 
72 
 
sample. Therefore, the energy absorbed per unit volume becomes lower (compared to 
laser annealing) because it is uniformly distributed across the 625 µm thick Si sample. 
Figure 2 compares the energy absorbed per unit volume as a function of sample depth for 
laser annealing and MW annealing. The energy distributions across the sample during 
laser annealing and MW annealing are quite different. Due to the different energy 
distributions, laser annealing causes liquid phase growth,23, 25 while MW annealing 
provides solid phase regrowth10. These different regrowth processes result in different 
dopant activation processes. As a consequence, the laser annealing is more efficient in 
terms of dopant activation. 
 
Figure 3.2 The calculated absorbed energy per unit volume during laser annealing and MW 
annealing 
The annealing process involves not only dopant activation but also the 
recrystallization of the amorphous layer at the surface. Ion channeling can be used to 
determine the levels of recrystallization that result from the MW and laser annealing 
processes.113 The crystalline material typically results in a low yield of backscattering 
ions during ion channeling. However, the amorphous material has a high yield of 
backscattering ions because of the disordered atoms in the layer.113 Moreover, defects in 
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the material cause dechanneling of the incident ions, and this then leads to an increased 
yield of backscattering ions.113 Figure 3.3 compares the [001] ion channeling spectra of 
As+ implanted Si before and after laser annealing. 
 
Figure 3.3 RBS ion channeling spectra in the [001] direction from 1  1015 As+ cm-2 
implanted Si samples: as-implanted sample (black solid line), 75% power laser 
annealed sample (blue dashed-dotted line), and 85% power laser annealed 
sample (red dashed line).  
In Figure 3.3, the dramatic decrease of the backscattering ion yield after annealing 
indicates that the amorphous layers are recrystallized during laser annealing. The As+ 
peak also drops after laser annealing. This is because the majority of the As+ ions move 
from interstitial positions to substitutional positions in the lattice, after annealing. As a 
result, the probability of the incident ions being backscattered from interstitial As+ ions is 
reduced, leading to a reduced yield of backscattering ions for the annealed samples. A 
slightly higher backscattering ion yield is seen, in the low energy region, for the 75% 
power laser annealed sample. This might be due to the presence of interstitial point 
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defects in the sample.113 Such interstitial point defects might result from inadequate 
crystal regrowth, since the 75% power laser yields a lower annealing temperature locally, 
compared to the 85% power laser. This would result in a correspondingly slower mass 
transportation. These point defects can cause dechanneling of the channeling ions and 
thereby increase their chance of being backscattered, leading to an increased ion 
backscattering yield in the low energy region of the spectrum.113 
  
Figure 3.4 The RBS ion channeling spectra in a random and in the [001] direction from 
11015 As+ cm-2 implanted Si samples. (a) Si signal, (b) magnified arsenic 
signal: as-implanted sample in the [001] direction (black solid line), 100 sec 
MW annealed sample in the [001] direction (green dashed-dotted line) and 85% 
power laser annealed sample in the [001] direction (red dashed line). 
Figure 3.4 compares the ion channeling spectra of 100 sec MW annealed and 85% 
power laser annealed samples.  The black line is the backscattering ion yield from an as-
implanted sample. After MW and laser annealing, the backscattering ion yield drops. The 
ion channeling yields immediately after the first surface peak indicate the crystallinity of 
each sample. In Figure 3.4(a), the yields after the two first surface peaks are the same, 
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indicating that the same crystallinity is present, regardless of their extent of dopant 
activation.  
Figure 3.4(b) shows the yields of the ions that are backscattered from interstitial 
As+. These provide a good estimation of dopant activation. The yield of the As+ peak 
from the 85% power laser annealed sample is slightly lower than that of the 100 sec MW 
annealed sample. This indicates that there is a slightly lower amount of interstitial As+ 
ions and a higher extent of dopant activation in the 85% power laser annealed sample. 
This fact is supported by the lower sheet resistance of the 85% power laser annealed 
sample in Figure 3.1(a). The 85% power laser annealed sample has a 10% lower sheet 
resistance than the 100 sec MW annealed sample. 
 
Figure 3.5 SIMS profile from 1  1015 As+ cm-2 implanted Si samples before annealing (as-
implanted), and after MW annealing (60 sec and 100 sec) and laser annealing 
(75% and 85% power). 
Dopant atoms will typically diffuse under heat treatment. Both the laser and the 
MW anneals result in heating of the implanted layers. In this study, dopant diffusion is 
assessed by measuring the depth profiles of As+ before and after laser and MW annealing 
via SIMS analysis. Figure 3.5 shows the depth profiles for the as-implanted, laser 
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annealed, and microwave annealed samples. The profiles show that the laser annealing 
results in significant dopant diffusion, and that increased power enhances the diffusion. 
This is due to liquid phase epitaxy in laser annealing.23 A large portion of the laser energy 
is absorbed at and near the Si surface as shown in Figure 3.2. This high energy input per 
unit volume of pulsed laser annealing melts the Si surface layer23, 25. After a typical 
irradiation of 2  10-6 sec, the surface recrystallizes quickly at the liquid-solid interface.23 
In the melted layer, the mobility of the dopants is much larger than that in the solid phase. 
Therefore, dopants are more likely to diffuse and redistribute toward low concentration 
regions. As a result, the As+ concentration in the 75% and 85% power laser annealed 
samples are quite uniform within 200 nm and 600 nm (from the surface), respectively. 
The characteristics of such depth profiles are quite suitable for ion implanted n-wells in 
CMOS technology.  
In conventional CMOS processing, n-well and p-well regions are formed by 
implanting dopants to define the well region first. Then, the ion implanted wafers are 
annealed in a drive-in furnace to enable diffusion. To control the diffusion depth, and to 
obtain a uniform distribution of dopants, and to obtain a well depth of 2-3 microns, the 
thermal cycle is typically 4 to 6 hours at 1000 to 1100 oC 3. In contrast, we find that laser 
annealing can achieve a uniform and deep dopant profile in a much shorter time through 
liquid phase regrowth. In addition, the diffusion depth that results from laser annealing 
can be controlled by adjusting the energy output and the wavelength of the laser 111. 
However, the energy density distribution in our pulsed laser beam itself is Gaussian. 
Rastering of the pulsed laser beam across the sample results in slightly non-uniform 
energy distribution. This in turn results in only 7.5-10% of maximum difference in Rs 
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across the 1 cm  1 cm Si sample. As a result, laser annealing appears to be an efficient 
alternative to drive-in furnace annealing for n-well and p-well formation; however, the 
control of the energy density uniformity during the laser raster must be improved in order 
to achieve necessary uniformity required for large-scale manufacturing.  
On other hand, there is no measurable dopant diffusion in the As+ depth profiles 
of the MW annealed samples. In addition, the MW annealing achieves the same extent of 
dopant activation as laser annealing does. This absence or minimization of diffusion 
results from the low temperature and short duration of the MW annealing. The highest 
temperature that is reached during the 60s and 100s MW annealing is only 706 oC and 
815 oC, respectively. These low temperatures are below the melting point of silicon. This 
means that solid-phase regrowth occurs during MW annealing. During solid-phase 
regrowth, dopant atoms are only able to diffuse to nearby atom sites, with the help of 
lattice distortion and vibration. This minimizes long range diffusion. As a result, MW 
annealing is a suitable technique for annealing ion implanted source, drain and channel 
regions (that require minimized dopant diffusion) for MOSFET fabrication.  
3.4 Conclusion 
Our study shows that laser annealing has advantages for dopant activation when 
compared to MW annealing. The laser anneal is beneficial for deep well formation with a 
uniform dopant concentration. The relatively high diffusion depth that is observed for 
laser annealing can be addressed by choosing a shorter wavelength laser111. The shorter 
wavelength will have a lower penetration depth into the silicon, thereby reducing the 
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depth of the surface melting111. The minimization of diffusion that is achieved by MW 
annealing provides a marked benefit for shallow junction devices.    
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4. NUMERICAL PREDICTION OF TRANSMITTANCE SPECTRA FOR 
TRANSPARENT COMPOSITE ELECTRODES WITH ULTRA-THIN METAL 
LAYERS 
4.1 Introduction 
Transparent conducting oxides (TCOs), especially indium tin oxide (ITO), are 
widely used for electrodes in solar cells, flat-panel displays and organic light emitting 
diodes.8, 31, 33, 42 However, since ITO contains the expensive rare-earth element indium, it 
cannot be used for low-cost high-volume manufacturing.114 Transparent composite 
electrodes (TCE) are promising alternatives to ITO electrodes.8, 31, 42 TCEs have optical 
and electrical properties33, 37 that are comparable to those of ITO, with the added benefit 
of a substantially lower cost of fabrication (due to the absence of indium). Optical 
transmittances as high as 85% and resistivities as low as 10-5 Ω-cm have been reported 
for indium-free TCEs.8, 31, 33, 42  
In a TCE, a layer of metal is embedded between two layers of transparent metal 
oxide (TMO), forming a TMO/metal/TMO composite structure.8, 9, 31, 33, 37-44, 114 The 
choice of materials for the TMO and the embedded metal layer has a significant effect on 
the final optical and electrical properties of the TCEs.9 As a result, TCE design is often 
optimized by trial and error. However, the high cost and the time required for this 
approach can impede the development of future TCEs. In contrast, having a proper model 
to analytically predict the TCE transmittance can effectively facilitate materials selection 
and feature-size design. The transfer-matrix method has been widely used for calculating 
the transmittance of multilayer thin-film structures.51, 52, 54-56 However, we have to be 
careful when predicting the transmittance of ultra-thin films. In this study, two different 
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TCEs, TiO2/Au/TiO2 and TiO2/Ag/TiO2, are fabricated on glass, and their transmittance 
spectra are measured. The measured spectra are then compared with spectra calculated 
using the transfer-matrix method. We find that the transmittance predicted by the 
transfer-matrix method deviates significantly from the measured transmittance when the 
TCE includes an ultra-thin plasmonic Ag layer. This finding implies that the continuity of 
the metal layer in the TCE sample significantly impacts the accuracy with which the 
transmittance can be predicted. To validate it, we will fabricate TiO2/Ag/TiO2 that 
contains thick and continuous Ag layer. If the predicted transmittance and measured 
transmittance of TiO2/Ag/TiO2 that contains continuous Ag layer match, the conclusion 
that ultra-thin plasmonic Ag layer in TCEs affects the accuracy of transmittance 
prediction.  
4.2 Model  
An electromagnetic wave contains two perpendicular components: an electric 
field and a magnetic field. In its simplest form, the transmittance is defined as the ratio of 
the intensities of the transmitted and incident waves through a medium. The 
transmittance depends on the refractive index, thickness, and roughness of each of the 
layers through which the light is propagating.51  
When light propagates in a TCE multilayer thin film, multiple reflections occur in 
each layer. Therefore, the total light transmitted through all of the layers becomes a 
summation of the directly transmitted wave plus all of the other transmitted waves that 
are created by the multiple reflections.51, 52, 115  It is laborious and time-intensive to 
determine the TCE’s transmittance by analytically calculating the multiple reflections in 
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each layer and summing them up as described above. However, the calculations can be 
simplified by using the transfer-matrix method52, 54-56. In this approach, those waves 
(electric fields) that are propagating in the same direction and at the same side of an 
interface are represented by a single equivalent electric field, as shown in Figure 4.1. The 
transmittance is then calculated by correlating the incident electric field and the ultimate 
transmitted electric field via matrix operations.54-56 
 
Figure 4.1 Schematic of light amplitudes and intensities within a TCE on glass. The 
subscripts signify the layer number; + and – signs represent forward and 
backward directions, respectively. A prime is used for waves at the right-hand 
side of an interface. 
In the transfer matrix method, different layers can be treated as being either 
coherent or incoherent depending on their thickness, and different matrix operations are 
used for the coherent and the incoherent layers.54-56 The thin-film layers in a TCE whose 
thicknesses are smaller than the wavelength of light will experience internal interference. 
To account for this, narrow oscillations must be considered in the calculations, and the 
thin TCE layers have to be considered as coherent layers.55, 56 The transparent glass 
substrate of a TCE, on the other hand, has a thickness that is much greater than the 
wavelength of light. Interference-destroying effects will occur, and narrow oscillations 
are typically not observed in the measured spectra. This is due to the nonparallel surfaces 
of the thick layer and the limited resolution of the measurement equipment.55, 56 
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Therefore, the glass substrate should be treated as an incoherent layer. This makes TCE 
on glass a combination of coherent and incoherent layers for the purpose of transfer-
matrix calculations.  
As mentioned above, the transmittance depends on the roughnesses of the thin-
film interfaces, and of the surface. These roughnesses can cause light scattering, and 
therefore, a decrease in transmittance57, 58. Scattering factors, defined by scattering 
theory,57, 58 are incorporated into the matrix operators to account for these effects56.  
4.3 Experimental  
Multilayer thin films of TiO2/Au/TiO2 and TiO2/Ag/TiO2 were used to study the 
factors that affect the accuracy of the prediction of transmittance. TiO2/Au/TiO2 and 
TiO2/Ag/TiO2 thin films were deposited onto glass substrates by RF sputtering of a TiO2 
target (99.9% purity) and DC sputtering of an Au or Ag target (of 99.9% purity), 
sequentially. The sputtering was performed at room temperature. The TiO2 thin films 
were deposited under a pressure of 20 mTorr of Ar gas and with an RF power of 150 W. 
Au and Ag thin films were deposited under 10 mTorr of Ar gas with 40 W DC power. 
Different layer thicknesses were obtained by changing the deposition time. 
The optical transmittance of the TCE samples was measured for a wavelength 
range of 300 to 1050 nm. The measurements were performed using a double-channel 
spectrometer, with air as a reference. A variable angle spectroscopic ellipsometer and 
WVASE 32 software were used to determine the refractive indices of all of the layers and 
the thicknesses of the TiO2 and Au layers. The Ag layer thickness was determined by 
Rutherford backscattering spectrometry (RBS). The refractive indices of the Au and Ag 
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films were extracted from metal/TiO2/glass structures that were fabricated using the same 
deposition conditions as their corresponding TCE layers. The RMS roughness values of 
the surface and each interface were estimated by atomic force microscopy (AFM) 
analysis in tapping mode. Table 4.1 lists the thickness and roughness of each layer. The 
morphologies of the metal layers (in the Ag/TiO2/glass and Au/TiO2/glass stacks) were 
evaluated using plan-view and cross-section secondary electron microscopy (SEM) and 
secondary-electron imaging in a Nova 200 Nanolab focused ion beam (FIB) tool. 
Table 4.1 The thickness of each layer and the rms roughness of each surface and interface 
in TCEs 
  TiO2/Au/TiO2 TiO2/Ag/TiO2 
Thickness (nm) 
Layer 1 38 30 
Layer 2 10.5 12 
Layer 3 40 30 
Layer 4 106 106 
RMS roughness 
(nm) 
Surface 1 1.75 1.82 
Interface 2 0.68 1.19 
Interface 3 0.77 0.77 
Interface 4 0.26 0.26 
 
4.4 Results and Discussion 
Experimentally extracted physical parameters (thickness, roughness and refractive 
indices) were incorporated into transfer matrices to determine the TCE transmittance. 
Subsequently, the calculated and the measured transmittance spectra of the TCE were 
compared with each other. As is evident in Figure 4.2, the calculated and measured 
transmittance spectra of TiO2/Au/TiO2 are in good agreement over the entire 300 to 800 
nm range.  
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Figure 4.2 (a) Measured and calculated optical transmittance spectra from TiO2/Au/TiO2 
multilayer thin-film on glass substrate; (b) Measured and calculated optical 
transmittance and absorbance spectra from TiO2/Ag (12nm)/TiO2 multilayer 
thin-film on glass substrate. 
However, there is an offset between the calculated and measured transmittance 
spectra of TiO2/Ag/TiO2/glass (Figure 4.2 (b)). The calculated transmittance is 
approximately 20% higher than the measured transmittance. Han et al. have reported that 
a discontinuous Ag layer in MoO3(30 nm)/Ag(11 nm)/MoO3(30 nm) can cause a decrease 
in transmittance over the visible light region.116 They showed that increasing the number 
of voids in the Ag layer will lead to increased light absorption, and therefore, decreased 
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transmittance.116 However, they did not provide a clear explanation for the extra light 
absorption.  
Based on the inference of Han et al.24, we inspected the morphology of the Ag 
and Au layers using SEM. The Ag/TiO2/glass and Au/TiO2/glass samples were fabricated 
using the same deposition conditions as their corresponding TCEs. Therefore, the Ag and 
Au layers in these samples can be viewed as being representative of the metal layers that 
are embedded within the TCEs. Plan-view SEM micrographs of the Ag and Au surfaces 
are shown in Figure 4.3. These show a relatively smooth Au surface and a more islanded 
(or hillocked) Ag surface.  Cross-section SEM micrographs (not shown here) also 
confirm that the Ag layer is islanded. The data indicate that a continuous Au layer is 
present in TiO2/Au/TiO2 (whose calculated and measured transmittance spectra are quite 
similar). In contrast, the Ag layer in TiO2/Ag/TiO2 is actually a mixture of Ag islands 
interspersed with TiO2. The presence of these Ag islands results in localized surface 
plasmons (LSPs). This then causes increased light absorbance and lower transmittance as 
seen in the measured spectra.   
 
Figure 4.3 SEM images from the surface of (a) Au (10.5 nm)/TiO2 on glass and (b) Ag 
(12 nm)/TiO2 on glass. 
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The Ag islands interspersed with TiO2 are analogous to Ag nanoparticles 
embedded within TiO2.
117 It is known that localized surface plasmons will occur when 
incident light interacts with free electrons in Ag nanoparticles.118-120 These surface 
plasmons are collective oscillations of electrons that are mostly confined to the vicinity of 
the nanoparticle’s surface.120 Such LSPs can cause enhanced light absorption.117-121 As a 
result, an absorption peak will be observed at the LSP resonance frequency.120, 121 The 
measured absorption spectrum of our TiO2/Ag/TiO2 sample, in Figure 4.2(b), shows a 
broad absorption band, indicating the occurrence of LSP. The absorption is in a broad 
band rather than a sharp peak at the resonance frequency. This is because the LSP 
absorption band will be broadened when the size and the size distribution of the 
nanoparticles increases.122, 123 As can be seen in Figure 4.3, the sizes of the Ag islands are 
in the range of 10 to 80 nm. Such a wide distribution of island sizes can give rise to LSP 
absorption over a broad range of wavelengths. The calculated absorption (in the 
wavelength range of 300 nm to 750 nm) is lower than the measured absorption, as shown 
in Figure 4.2(b). This is because the effects of LSPs are not included in the proposed 
calculation/model. Therefore, the calculation cannot correctly predict the absorption 
when LSPs are present.  
In our proposed model, the Ag layer is considered to be continuous and to have 
the same roughness as that of the Ag layer in the experimental TCE. At the interface 
between the dielectric and the continuous Ag layer, surface plasmon polaritons (SPPs) 
can occur instead of LSPs, under certain circumstances. Such SPPs can propagate along 
the interface, and cause light absorption.120, 121 However, SPPs cannot be excited as easily 
as LSPs, and they can only occur when the horizontal part of the incident light’s wave 
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vector matches the wave vector of the surface plasmon.117, 124, 125 Therefore, SPPs cannot 
be excited directly by light that is traveling (through a planar dielectric medium that is 
adjacent to the Ag) in a direction that is perpendicular to the dielectric/Ag interface. 
Instead, a prism, grating or large surface roughness is needed to induce the appropriate 
propagating wave vectors of the light.117, 125 Normal incident light is used in our 
approach. As a result, SPPs and the corresponding extra light absorption will not occur in 
the proposed model.  
LSPs, SPPs and their corresponding light absorption are not taken into account in 
the proposed calculation model. Therefore, the calculated transmittance is higher than the 
measured transmittance for the TiO2/Ag/TiO2 sample (over the wavelength range of 360 
to 750 nm). Above 750 nm, the LSP absorption (in the measured spectrum) is negligible. 
In this region, absorption is caused by intraband transitions of electrons (classic infrared 
absorption), and this depends on the density of electrons.15 As a result, the discontinuous 
Ag layer in the TiO2/Ag/TiO2 sample (which has a lower electron density than that of the 
continuous Ag layer in the TCE model) causes less light absorption (than the continuous 
Ag layer in the TCE model does) above 750 nm.  
As discussed above, the discontinuous metal layer in TCE cannot results in an 
accurate prediction of optical transmittance, and the predicted transmittance is lower than 
the measured transmittance. However, we have another interesting finding that the 
dependence of transmittance on layer thickness can be roughly predicted using this 
transfer matrix method even when TCE contains discontinuous metal layer. 10 nm Ag 
layer is picked as the middle layer and the TiO2 layer is varied from 35 nm to 42 nm.  
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Figure 4.4 Transmittance spectrum for TiO2/Ag/TiO2: (a) measured transmittance for 
TiO2/(10nm) Ag/TiO2 with TiO2 thickness at 35 nm and 42 nm, (b) calculated 
transmittance for TiO2/(10nm) Ag/TiO2 with TiO2 thickness at 35 nm and 42 
nm, (c) measured transmittance for (30 nm )TiO2/Ag/(30 nm) with Ag 
thickness at 8.5 nm, 13.5 nm and 15.5 nm, (d) calculated transmittance for (30 
nm )TiO2/Ag/(30 nm) with Ag thickness at 8.5 nm, 13.5 nm and 15.5 nm.  
Figure 4.4 (a) and (b) show the measured and calculated transmittance. The 
measured transmittance decreases as TiO2 thickness increases in low wavelength range, 
but it increases as TiO2 thickness in long wavelength range. It turns out the transfer 
matrix method successfully predict this trend. Then the TiO2 thickness is fixed at 30 nm, 
and the Ag layer thickness varies from 8.5 nm to 15.5 nm to study the transmittance 
dependence on Ag thickness as shown in Figure 4.4 (c) and (d). Blow 400 nm, the 
transmittance does not show significant dependence on Ag thickness. Between 400 and 
700 nm wavelength, transmittance increases as Ag thickness, and then the transmittance 
decreases as the thickness increases beyond 700. The calculated transmittance 
successfully predict this dependence between 400 nm and 600 nm and beyond 700. 
According to these results, the transfer matrix method can successfully predict the 
dependence of transmittance on the layer thickness. As a result, the trend of transmittance 
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when the layer thickness changes can be successfully estimated, which is helpful for 
estimating the optimal layer thicknesses for specific applications. 
The discussion above suggests that if the TCE sample has a continuous Ag layer, 
the conventional (previous) model can represent the TCE sample well, and it can 
accurately predict the transmittance. Hence, the transmittance spectrum that is calculated 
for the TiO2/Ag/TiO2 structure with a continuous silver layer should agree with the 
corresponding measured transmittance spectrum.  
 
Figure 4.5 Measured and calculated optical transmittance for TiO2/Ag (36 nm)/TiO2 
multilayer thin-film on glass substrate for 300 nm to 800 nm wavelengths. 
The insert is a SEM micrograph obtained from Ag (36 nm)/TiO2 on glass. The 
scale bar in the SEM image is 200 nm. 
To validate this, a TiO2/Ag/TiO2 sample with a thick Ag layer (36 nm) was 
fabricated. The thickness was deliberately chosen to be high enough to ensure continuity 
of the Ag layer. The morphology of the 36 nm Ag film on TiO2/glass substrate is visible in 
Figure 4.5. A cross-section of this Ag/TiO2/glass (not shown here) indicates that the Ag 
layer is continuous. AFM analysis of the 36 nm Ag layer shows a Z range of 16.6 -19.5 nm, 
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which further confirms the continuity of the 36 nm Ag layer. The calculated and measured 
transmittance spectra of the TiO2/Ag (36 nm)/TiO2 are presented in Figure 4.5. As expected, 
the two spectra match quite well. This confirms that the prediction of TCE transmittance 
using transfer-matrix calculations is valid. However, such predictions are valid only for 
designing TCEs with continuous layers. It can be seen that the transmittance of TiO2 /Ag 
(12 nm)/TiO2/glass that is calculated assuming a continuous metal layer is more than 85% 
across 400 nm to 670 nm. This implies that a transmittance as high as 90% can be achieved 
for a TiO2/Ag/TiO2 TCE, if the TCE contains a continuous Ag layer with a thickness of 12 
nm. 
4.5 Conclusion 
The transfer-matrix method for mixed coherent and incoherent layers was used to 
predict the optical transmittance of TiO2/Au/TiO2 and TiO2/Ag/TiO2 TCEs. The factors 
that might affect the accuracy of the prediction were studied. It was shown that predicting 
the transmittance of a TCE with a continuous metal layer is quite reliable using the 
transfer matrix method. For a TCE with a discontinuous and plasmonic metal layer, the 
predicted transmittance no longer matches the measured values. Our results show that a 
discontinuous metal layer in a TiO2/Ag/TiO2 sample, which results in an intermixed layer 
of Ag islands and TiO2, causes the actual transmittance to be lower than the predicted 
values. This happens due to enhanced light absorption that is caused by LSPs in the 
surface of Ag islands. The enhanced light absorption in the TiO2/Ag/TiO2 sample, over 
the wide visible light range, is due to the large size distribution of the Ag clusters. 
However, the prediction typically assumes that the metal layers are continuous and that 
there are no LSPs occurring. Therefore, this results in a predicted transmittance that is 
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higher than the measured values. On the other hand, the trend of transmittance as layer 
thicknesses changes can be successfully predicted by transfer matrix method. It’s helpful 
for estimating the optimal layer thickness for specific application. the  Our study shows 
that the plasmonic nature of metals and the continuity of metal layers significantly impact 
the accuracy of the transmittance prediction for multilayer thin film structure.   
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5. THE OPTIMAL TRANSPARENT COMPOSITE ELECTRODES FOR ORGANIC 
SOLAR CELL APPLICATION WITH HIGH DEVICE-SPECIFIC HAACK 
FIGURE OF MERIT 
5.1 Introduction 
A typical TCE is a three-layer structure: equivalent top and bottom transparent 
metal oxide (TMO) layers and an intermediate metal layer 9, 33, 37-41, 126-133. TiO2 has a 
wide band gap of ~ 3.4 eV, and this renders it to be transparent in the visible light 
spectrum 127. The high dielectric constant, strong mechanical and chemical stability and 
low fabrication cost make TiO2 a suitable material for TMO layer in TCE 
127. Ag is an 
ideal candidate for the metal layer in TCE 134. Its real part of the refractive index is the 
one of the lowest among metals and this will help minimize the light absorption of metal 
layer. Moreover, the resistivity of Ag is one of the lowest of the noble metals, which will 
help improve the resistivity of TCE.  As a result, TiO2/Ag/TiO2 is a potentially promising 
candidate of TCEs. Moreover, our previous work has demonstrated that the 
TiO2/Ag/TiO2 transparent composite electrode is a promising alternative to ITO
32. The 
Haacke figure of merit of the optimized TiO2/Ag/TiO2 on flexible polymer substrate over 
the whole visible light spectrum is as high as 61.4  10-3 Ω-1/sq, which is higher than 
ITO42. The superior properties of TiO2/Ag/TiO2 drive us to fabricate organic solar cells 
(OSCs) on it, and to study and compare their performance with OSCs on ITO.  
To be a desired electrode, the layer thickness of TCE has to be optimized such 
that its transmittance and resistance are desirable. The optimization of the transmittance 
of TCE across the entire visible light region has been studied by several investigators 38, 
42, 114, 126-128, 133; however, few report actually tailoring the indium-free electrode’s 
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transmittance to the organic solar cell’s absorption spectrum.  As discussed in last 
chapter, the transfer matrix method was proved to be able to estimate the optimal layer 
thickness of TCE for specific application since it can roughly predict the transmittance 
dependence on layer thickness. As a result, In this study, the transfer matrix method will 
be employed to estimate the optimal thickness of TCE for P3HT:PCBM organic solar cell 
application. 
In our study, multilayer structures of TiO2/Ag/TiO2 are fabricated on glass 
substrates by room-temperature sputtering. Initially, the effect of Ag deposition rate on 
TCE’s optical transmittance and sheet resistance is studied. Once the optimal Ag 
deposition rate is obtained that gives a relatively low sheet resistance and high 
transmittance in TCEs,  then the thicknesses of TiO2 and Ag layers are optimized, such 
that the maximum transmittance of the TiO2/Ag/TiO2 electrode is within the specific 
wavelength region (450 nm - 600 nm). Results demonstrate that the device-specific 
Haack FOM for optimized TiO2/Ag/TiO2 is significantly higher than that of ITO-based 
structures. Hence, TCE parameters can be tailored for the specific a photovoltaic 
application. 
5.2 Experimental 
The multilayer structure of TiO2/Ag/TiO2 was sputter deposited on glass substrate 
at room temperature with a base pressure of 810-7 Torr. The bottom TiO2 layer was 
deposited by RF sputtering of a TiO2 target (99.9% purity) with a power of 66 W and Ar 
pressure of 2.5 mTorr.  Sequentially, the middle Ag layer was deposited by DC sputtering 
of an Ag target (99.9% purity) at Ar pressure of 4 mTorr. Various DC power were used 
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to achieve different deposition rate of Ag.  Finally, the top TiO2 layer was deposited on 
Ag layer using the same deposition condition as the bottom TiO2. The thickness of each 
layer is confirmed by the variable angle spectroscopic ellipsometer measurement and 
WVASE 32 software analysis. The optically transmittance was measured by Cary 5000 
UV-Vis spectrometer over 300 nm to 800 nm. The sheet resistance was determined by 
four-point probe analysis. Secondary electron microscopy (SEM) was conducted to 
evaluate the surface morphology of Ag layers that were deposited on TiO2/glass using 
different sputtering rates.  
5.3 Results and Discussion 
The deposition rate of Ag affects the morphology of Ag layer 50, which in turn 
might impact the optical transmittance of TCE 116 due to the light scattering effect at the 
Ag and TiO2 interface 
57, 58 or light absorption caused by localized surface plasmons at 
the Ag vicinity 135.  To study the effect of the Ag deposition rate on TCE’s optical 
transmittance and sheet resistance, three sets of TCE samples with the same layer 
thickness were prepared using various Ag deposition rates (0.03 nm/s, 0.18 nm/s, and 
0.40 nm/s). Their optical transmittance and sheet resistance are compared in Figure 5.1.  
 
Figure 5.1 (a) The optical transmittance of (30 nm) TiO2/ (10 nm) Ag/ (30 nm) TiO2 
fabricated with various Ag deposition rate. The glass substrate is taken as 
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the reference. (b) The sheet resistance as a function of Ag deposition rate 
from (30 nm) TiO2/ (10 nm) Ag/ (30 nm) TiO2 
The TCEs with high Ag deposition rate (0.18/s and 0.40 nm/s) shows almost 
identical transmittance spectrum and similar sheet resistance values. On the other hand, 
TiO2/Ag/TiO2 prepared by low Ag deposition rate (0.03 nm/s) gives two times higher 
sheet resistance and relatively lower transmittance in the wavelength range of 400 nm to 
600 nm. To investigate the reason for the differences and similarities in the transmittance 
and sheet resistance of above TECs, the morphology of Ag layers deposited by different 
rates is further studied with the use of SEM. The SEM micrographs of Ag films are 
shown in Figure. 5.2, and indicate that all three deposition rates result in non-continuous 
films that contain voids. The voids are relatively large but in a small amount when the Ag 
deposition rate is 0.18 nm/s and 0.40 nm/s. This similarity in morphologies of Ag 
deposited at 0.18 nm/s and 0.04/s explains their similarity in TCEs’ transmittance spectra 
and sheet resistances. On the other hand, many tiny voids are evenly distributed in the Ag 
film when deposition rate is low (0.03 nm/s). These voids tend to disrupt the continuous 
path of the flowing current. As a result, the sheet resistance of TCE is the highest when 
its Ag layer is deposited at 0.03 nm/s. Similarly, due to this relatively high voids density 
in Ag layer deposited at low rate (0.03 nm/s), its TCE’s transmittance is lower in the 
wavelength between 450 nm and 600 nm. Based on the comparison above, the TECs with 
the Ag layers deposited at 0.18 nm/s and 0.40 nm/s both shows the optimal sheet 
resistance and optimal transmittance between 450 and 600 nm. As a result, 0.4 nm/s is 
selected as the optimal deposition rate for Ag layer in our study. 
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Figure 5.2 SEM micrographs for 10 nm Ag film on TiO2/glass deposited at rates of a) 
0.03 nm/s, b) 0.2 nm/s, and c) 0.4 nm/s. 
For electrodes used in organic solar cell and light emitting diodes, optimizing the 
average transmittance over the entire visible light spectrum might not be able to satisfy 
the specific needs of the devices. For example, the light absorption peak of the active 
layer in P3HT:PC61MB organic solar cell is between 450 nm to 600 nm 
136. Maximizing 
the average transmittance of TCE across 450 nm to 600 nm can specifically increase the 
light input to the organic solar cells. Before the experimental optimization of layer 
thickness to achieve high transmittance over the wavelength of 450 nm to 600 nm, the 
numerical simulation of TCE’s transmittance via transfer-matrix method is used to 
estimate the optimal thickness of TiO2 and Ag layers 
135. Through the simulation, the 
range of desired thickness for experimental fabrication is narrowed, which facilitates the 
optimization process. Our previous study has shown that the percolation threshold (where 
the Ag islands begin to connected with each other and form network) of Ag film is 
approximately 9.5 nm in TiO2/Ag/TiO2 structures on flexible substrate 
127. Hence, the Ag 
layer is fixed at 10 nm in the simulation, then the TiO2 layers are varied from 30 nm to 50 
nm to determine the optimal thickness. The simulated dependence of transmittance 
spectrum on the TiO2 layer thickness is shown in Fig. 4.3(a). The red shift occurs at the 
absorption edge when the top and bottom TiO2 thickness increases. Results show that 
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TiO2 thickness between 35 nm to 45 nm gives the optimal transmittance over 450 nm and 
600 nm.  
To determine the optimal Ag thickness, the TiO2 layers are fixed at the 40 nm and 
the silver thicknesses vary from 8 nm to 14 nm.  The simulated dependence of 
transmittance on Ag layer thickness is shown in Fig. 4.3(b). In this case, the TCE having 
10 nm Ag layer shows the optimal transmittance over 450 to 600 nm. 
 
Figure 5.3 (a) The simulated transmittance of TiO2/Ag (10 nm)/TiO2 with different TiO2 
thicknesses of 30 nm, 35 nm, 40 nm, 45 nm and 50 nm. (b) The simulated 
transmittance of TiO2 (40 nm)/Ag/TiO2 (40 nm) with different Ag thickness of 
8 nm, 10 nm, 12 nm and 14 nm. 
It is noticed that the simulation results can only provide the first-order 
approximation of the transmittance’s dependence on the layer thicknesses. The actual 
transmittance of the fabricated TCE might deviate from simulated transmittance due to 
the discontinuity of the metal film 135. The optimal layer thickness obtained by simulation 
is ideal for continuous films; however for the non-continuous film in this study, the 
thicknesses obtained by simulation are in the range of optimal thickness values. Hence, 
the layer thicknesses near the optimal thickness are selected for fabrication. 
Based on the transmittance simulation results, two different thicknesses (35 nm 
and 42 nm) of TiO2 are selected for experimental fabrication. In addition to the 
consideration of optical transmittance, the sheet resistance of TCE has to be taken into 
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account in order to maximize the Haacke FOM 47 across 450 nm to 600 nm. The sheet 
resistance of TCE is mainly determined by metal layer134. A thicker metal film in the 
TCE results in a lower sheet resistance and unfortunately a lower transmittance as well. 
As a result, even 10 nm is the optimal Ag thickness for achieving high transmittance, the 
Ag thicknesses of 8.5 nm and 13 nm are also selected for TCE fabrication in order to 
achieve a trade-off between sheet resistance and optical transmittance. 
Six sets of TCEs are fabricated. As the alternative to ITO, their properties are 
compared with ITO. The optical transmittance spectra are shown in Fig. 4.4. The sheet 
resistances are shown in Table 4.1. From these results, the TCEs show an overwhelming 
advantage over ITO in terms of sheet resistance; where, the sheet resistance values of the 
TCEs are typically at least three times lower than that of the ITO.  
 
Figure 5.4 The optical transmittance spectra for TiO2/Ag/TiO2 (TAT) on glass as a 
function of TiO2 thickness and Ag thickness. Glass substrate as the reference. 
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The Haack figure of merit (TC) takes into account of both sheet resistance and 
transmittance, and it is calculated as following 47: 
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T
R
   (5.1) 
where the Tav is the average transmittance, Rs is the sheet resistance. 
Table 5.1 The sheet resistance, average transmittance over 450 nm and 600 nm and the 
corresponding Haacke FOM of ITO and TiO2/Ag/TiO2 that having different 
TiO2 and Ag thickness. 
Sample Rs Tave 
Device specific Haack 
FOM (sq/Ω) 
ITO 18.9 0.96 35.2  10-3 
TiO2(35 nm)/Ag(8.5 nm)/ TiO2 (35 nm) 5.62 0.85 35.0  10-3 
TiO2(35 nm)/Ag(10 nm)/ TiO2 (35 nm) 4.33 0.84 40.4  10-3 
TiO2(35 nm)/Ag(13 nm)/ TiO2 (35 nm) 3.74 0.74 13.2  10-3 
TiO2(42 nm)/Ag(8.5 nm)/ TiO2 (42 nm) 5.95 0.85 33.1  10-3 
TiO2(42 nm)/Ag(10 nm)/ TiO2 (42 nm) 4.48 0.89 69.6  10-3 
TiO2(42 nm)/Ag(13 nm)/ TiO2 (42 nm) 3.50 0.82 39.3  10-3 
 
Since the TCEs are used in the application for P3HT:PC61MB organic solar cell 
(OSC), we are interested in the wavelength range between 450 nm and 600 nm (where 
the OSC is most efficient 136). The Haccke FOM in this wavelength range is defined as 
device-specific Haacke FOM here. The average transmittance over 450 nm and 600, and 
device-specific Haacke figure of merit are compared in Table 4.1. Among all the TCEs 
and ITO, TiO2 (42 nm)/Ag (10 nm)/ TiO2 (42 nm) proposes the highest device-specific 
Haacke FOM. More importantly, its device-specific Haack FOM is two times higher than 
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that of ITO. In conclusion, we have demonstrated that the optimized TiO2/Ag/TiO2 shows 
much better performance regarding the Haacke FOM. 
 
5.4 Conclusion 
As the alternative electrodes for organic solar cell (OSC) devices, TiO2/Ag/TiO2 
TCE’s thicknesses were optimized for that specific wavelength range of 450 nm to 600 
nm.  This range corresponds to the light absorption peak of the active layer in 
P3HT:PC61MB OSC.  The morphology of the Ag layer in TCE impacts the transmittance 
and sheet resistance of TCE. Hence, the Ag deposition rate that affects the morphology of 
the Ag layer was studied in the beginning. The high deposition rates, 0.18 nm/s and 0.40 
nm/s, both result in less void density in Ag layer, leading to lower sheet resistance and 
higher transmittance in the TCEs, as compared to low deposition rate (0.03 nm/s). 
Therefore, the optimal Ag deposition rate is determined as 0.40 nm/s. To increase the 
light input to the P3HT:P61MB layer, the Haacke FOM of TiO2/Ag/TiO2 electrode are 
specifically optimized across the wavelength from 450 nm to 600 nm. Initially, 
theoretical simulations are used to estimate the optimal layer thicknesses for achieving 
highly transparent TCEs. It narrows the possible layer thicknesses for experimental 
fabrication and facilitates experimental optimization. In experimental fabrication, by 
varying the layer thickness of Ag and TiO2 near the optimal values, it shows that TiO2(42 
nm)/Ag(10 nm)/ TiO2(42 nm) has the device-specific Haacke FOM as high as 69.610-3 
sq/Ω, which is two times better than that of the ITO-based structure. In other word, the 
TCE parameters is able to be tailored for the specific a photovoltaic application.  
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6. THE INDIUM-FREE TRANSPARENT COMPOSITE ELECTRODE AND ITO 
ELECTRODE BASED P3HT:PCBM ORGANIC SOLAR CELLS AND THEIR 
COMPATIBLE HOLE TRANSFER LAYERS 
6.1 Introduction 
The transparent conductive electrodes that allows the light transmission and 
emission as well as electrical conduction is an essential component in the organic solar 
cells (OSCs) and light emitting diodes 33, 126-128. Their electrical and optical properties 
significantly affect the device’s efficiency. Indium-tin oxide (ITO) is one of the most 
widely used transparent conductive electrode materials due to its high optical 
transmittance and low resistivity33, 126-129. However, the rare-earth element indium in ITO 
limits its sustainability and increases its coat. More importantly, ITO is brittle. This 
becomes a major concern during the implementation of this material into flexible devices 
127, 129, 137. As a means to address this concern, transparent composite electrodes (TCEs) 
have been reported as a promising alternative to ITO-based electrodes due their indium-
free composition, good mechanical flexibility, the low processing temperature, and 
superior figure of merit (FOM) 38, 126-128.  
A typical TCE is a three-layer structure: equivalent top and bottom transparent 
metal oxide (TMO) layers and an intermediate metal layer 9, 33, 37-41, 126-133. The optical 
properties of TCE can be tailored to different application by varying the thickness and 
materials of each individual layer 138. In last chapter, we have studied the optimal 
thickness and materials for TCE when it was employed as electrode for bulk 
heterojunction organic solar cells 139. TiO2/Ag/TiO2 (TAgT) on glass with 42 nm TiO2 
top and bottom layers and 10 nm Ag layer showed a high device-specific Haacke figure 
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of merit of 69.6 x 10-3 sq/Ω, which is almost twice higher than that of ITO 139. In this 
chapter, this optimized TAgT will be incorporated into OSCs, and compared with ITO 
based OSC. The effect of TAgT and ITO anodes on OSC’s performance will be further 
compared and studied in this paper. 
Apart from anode, the interface layer also plays an important role in the 
performance of OSC. The interface layer is typically used to: adjust the band alignment 
between electrode and active layer to form ohmic contact, selectively transport only one 
type of carriers, prevent the chemical reaction between electrode and active layer and act 
as an optical spacer to adjust incident light distribution 70, 75. The interface layer between 
the anode and active layers is called the hole transfer layer (HTL). Typical HTL materials 
include: conventional poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) 
(PEDOT:PSS), semiconducting transition metal oxide such as molybdenum oxide 
(MoO3), vanadium oxide (V2O5) , nickel oxide (NiO) and tungsten oxide (WO3), organic 
hole-transporting materials such as poly[9,9-dicotylfluorene-co-N-[4-(3-methylpropyp)]-
diphenyl-amine] (TFB) and 4,4’-bis[(p-trichlorosiylpropylphenyl)phenylamino]biphenyl 
(TPDSi2) 
70, 71, 75, 140. Particularly, PEDOT:PSS is the most widely used HTL materials 
due to its ease for fabrication; however, PEDOT:PSS etches the anode (ITO and other 
transparent conductive oxide) due to its acidic nature and results in degradation of OSC 
70, 75, 140, 141. To avoid the attack of PEDOT:PSS to anode, MoO3 is reported as a 
promising alternative by many researchers 70, 71, 75, 140, 142, 143, considering it has no 
chemical reaction with the anode. Due to the high work function of MoO3, the band 
bending of HOMO at MoO3/organic interface and gaps states due to oxygen vacancy 
defects in MoO3 enhances the hole extraction from the donor to anode 
142-145. Since new 
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anode TAgT are used in our study, both PEDOT:PSS and MoO3 will employed as HTL 
to study the their compatibility with TAgT. For comparison, ITO based OSC using 
PEDOT:PSS and MoO3 HTL are also fabricated and studied as control samples. 
In this study, OSCs with different anodes (ITO and TAgT) and two different 
HTLs (PEDOT:PSS and MoO3) are fabricated, and their performance is compared. The 
impact of anode and HTL on performance of OSC are investigated. Specifically, the 
impact of light transmittance and sheet resistance of two different anodes on the light 
input and seriers resistance (Rseries) of OSC are studied. In terms of HTL, its impact on 
OSC’s performance, especially on Jsc, are studied by investigating its contact at anode 
and active layer interfaces, and its wettability effect on active layer thickness. 
6.2 Experimental 
6.2.1 Electrode Fabrication 
The multilayer structure of TiO2/Ag/TiO2 was sputter deposited on glass substrate 
at room temperature with a base pressure of 110-6 Torr. According to our previous 
finding 139, TiO2 top and bottom layer with a thickness of 42 nm and Ag middle layer 
with a thickness of  10 nm are the optimal thickness for OSC application. The bottom 
TiO2 layer was deposited by RF sputtering of a TiO2 target (99.9% purity) with a power 
of 90 W and Ar pressure of 2.5 mTorr. Sequentially, the middle Ag layer was deposited 
by DC sputtering of an Ag target (99.9% purity) at Ar pressure of 4 mTorr, and with a 
power of 235 W.  
104 
 
6.2.2 OSC Fabrication 
6.2.2.1 Reagent and Materials 
The electrode donor material regioregular poly (3-hexylthiophene) (P3HT) was 
from Reike Metals, Inc. The electron acceptor material [6,6]-phenyl C61 butyric acid 
methyl ester (PCBM) and 1,2-dichlorobenzene were from Sigma Aldrich. The hole 
transfer layer material, poly(3,4-ethylenedioxythiophene):poly (styrenesulfonate) 
(PEDOT:PSS) with neutral PH value was purchased from Sigma Aldrich as well. 
6.2.2.2 Device Fabrication and Testing 
Two different types of anodes, ITO and TiO2/Ag/TiO2 (TAgT) were used. Two 
different hole transfer layers, MoO3 and PEDOT:PSS, were deposited on each type of 
anodes, respectively. As results, OSC with four different structures were fabricated: 
ITO/PEDOT:PSS/P3HT:PCBM/LiF-Al (ITO+PEDOT:PSS), 
ITO/MoO3/P3HT:PCBM/LiF-Al (ITO+MoO3), TAgT/PEDOT:PSS/P3HT:PCBM/LiF-Al 
(TAgT+PEDOT:PSS), TAgT/MoO3/P3HT:PCBM/LiF-Al (TAgT+MoO3). MoO3 film 
with a thickness of 14 nm, was thermally evaporated from MoO3 powder (99.99% purity, 
Alfa Aesar) on ITO and TAgT anodes, respectively. PEDOT:PSS was spin coated on 
ITO and TAgT anodes at 5000 rpm for 60 s, followed by baking on hot plate at 200 oC 
for 15 min in nitrogen-filled glove box. The electron donor P3HT and electron acceptor 
PC61BM with a weight ratio of 1:0.8 were dissolved in the 1,2-dicholorobenzene to make 
solution containing 20 mg/ml P3HT. The solution was stirred at room temperature for 
overnight in nitrogen-filled glove box. Then the blended solution was spin coated at 600 
rpm for 60 s, and then baked at 150 oC for 30 min in glove box. In the end, the electron 
transfer layer LiF of 0.7 nm and metal cathode Al of ~80 nm were sequentially deposited 
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by thermal evaporation using a shadow mask that defines an active area of 0.2 cm2. The 
current density-voltage (J-V) curve were measured under simulated AM 1.5 global solar 
irradiation (100 mW/cm2) using a xenon-lamp solar simulator (Spectra Physics, Oriel 
Instruments, USA).  
The evaporation of solvent during and after spin coating enables the phase 
separation of the immiscible polymer bends (P3HT:PCBM), resulting in the formation of 
bulk heterojunction film 71.  However, the solvent evaporation kinetics during spin 
coating is difficult to control experimentally because of small variation during the process 
146. This results in different extents of phase separation at different days and 
consequential variation of the power conversation efficiency for solar cells fabricated at 
different days but using the same process recipe. To take into the account of this variation 
and obtain sound results and conclusion, we repeated OSC s with four different structure 
at four different days. 
6.2.2.3 Characterization 
The work function of ITO and TAgT on glass were measured using Kelvin Probe 
(McAllister 6500). A highly ordered pyrolytic graphite (HOPG) film with a work 
function of 4.5 eV was used as the reference sample 147. Two methods were used to 
measure the sheet resistance of various films. One method is implemented by a 4-point 
probe system equipped with a 100 mA Keithley 2700 digital multimeter. Another method 
is implemented by Van Der Pauw method and equation, and conducted using Ecopia 
HMS-3000 system. The thickness of MoO3 film, and spin-coated active layer 
(P3HT:PCBM) are measured by stylus profilometer (Dektak XT). The roughness of 
PEDOT:PSS and MoO3 films are inspected by atomic force microscopy (AFM) (Bruker 
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Dimension 3100) under 2 μm  2 μm scan. At the same time, the cross-section profile in 
Z direction of a 1 μm line in the scanning area are inspected to give a direct profile of the 
surfaces. The light absorption of anode/HTL/P3HT:PCBM/LiF-Al OSCs were calculated 
by subtracting light transmittance from 100%. The light transmittance was measured by 
Ocean Optics double channel spectrometer (model DS200) in a wavelength range of 300–
800 nm. The external quantum efficiency (EQE) in wavelength range of 300–800 nm was 
evaluated by a QEX10 quantum efficiency measurement system with a xenon arc lamp 
source and dual-grating monochromator. The internal quantum efficiency (IQE) was 
calculated by dividing the EQE by the light absorption of the devices.  
6.3. Results and Discussion 
6.3.1 Overall Performance of Four OSC Structures 
Figure 6.1 shows the variability charts of device parameters for the four sets of 
OSCs fabricated at different days. The centered line indicates the average value of those 
device parameters. The average values of device parameters for all the four structures are 
listed in Table I. As an alternative for ITO, TAgT+PEDOT:PSS device shows the worst 
overall performance in all the device parameters and the bad performance is due to the 
significantly high Rs. Such high Rs implies that TAgT anode is attacked by PEDOT:PSS 
even with the use of neutral PH PEDOT:PSS as HTL. To avoid the attack of PEDOT:PSS 
to TAgT, MoO3 is used as hole transfer layer to replace PEDOT:PSS. With the use of 
MoO3 on TAgT anode, all the device parameters are significantly improved and highest 
PCE of TAgT+MoO3 device is 2.38%.  
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Figure 6.1 The variability charts for device parameters of anode/HTL/P3HT:PCBM/LiF-
Al with ITO and TAgT as anodes and MoO3 and PEDOT:PSS as HTLs: (a) 
PCE; (b) Jsc; (c) Voc; (d) Fill Factor (FF); (e) shunt resistance (Rsh); (f) Rs. The 
top and bottom line indicates the highest and lowest values, respectively. The 
centered line indicates the mean value. 
Table 6.1 Device parameters of Anode/HTL/P3HT:PCBM/LiF-Al solar cells with ITO 
and TiO2/Ag/TiO2 as the anode, and MoO3 and PEDOT:PSS as HTLs 
Anode HTL Voc 
(V) 
Jsc 
(mA/cm2) 
FF 
(%) 
PEC 
(%) 
Rs 
(Ωcm2
) 
Rsh 
(Ωcm2) 
ITO PEDOT:
PSS 
0.57 9.25 0.49 2.56 16.64 294.65 
TiO2/Ag/TiO2 PEDOT:
PSS 
0.28 5.17 0.29 1.91 62.44 101.57 
ITO MoO3 0.53 7.90 0.52 1.43 23.02 478.7 
TiO2/Ag/TiO2 MoO3 0.52 4.20 0.46 0.33 20.15 452.98 
 
For comparison of anodes, the performance of ITO based OSCs are studied. 
ITO+PEDOT:PSS device shows the best overall performance than other three devices in 
terms of power conversion efficiency (PCE), short circuit current density (Jsc), open 
circuit voltage (Voc) and Rs. However, using MoO3 on ITO anode leads to reduced PCE, 
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Jsc, and increased Rs, when comparing to ITO+PEDOT:PSS device. Contradictory to lots 
of reports that MoO3 is a good HTL replacement of PEDOT:PSS and gives comparable 
and even higher PCE 70, 75, 142, 148, our finding shows the ITO based OSC has a lower PCE 
when PEDOT:PSS is replaced by MoO3. Detailed explanation will be given later. More 
importantly, PCE of ITO+MoO3 device is lower than that of the TAgT+MoO3 device, 
and both of their PCE are lower than that of ITO+PEDOT:PSS device. This indicates an 
appropriate hole transfer layer in regard to different electrode is important.   
According to Figure 6.1 and Table 6.1, Voc for ITO+PEDOT:PSS, TAgT+MoO3, 
ITO+MoO3 devices are close to each other and the maximum difference between their 
Voc is only 9%. Moreover, devices with high Jsc, and low Rs always show high PCE; 
therefore, their PCE are dominantly determined by their Jsc. Hence, Jsc can be affected by 
several factors, including Rs, active layer thickness, and light absorption efficiency 
65, 76. 
All these factors can be impacted by HTL and anode, since electrical resistance of anode 
and contact at anode/HTL and HTL/active layer interfaces affect Rs 
71, 75. The wettability 
of HTL layer affects the thickness of spin-coated active layer. The transmittance of anode 
affects the light input into the device and the resulting light absorption efficiency in the 
active layer 71.  
6.3.2 HTL Effect on Rs and Jsc 
It is known that Rs has a major impact on Jsc. According to the average Rs in 
Table I, devices with low Rs always shows high Jsc. The interface layer between electrode 
and active layer, like HTL, has major influence on the Rs, since HTL can adjust the band 
alignment between electrode and active layer, and reduce their contact barriers 71. The 
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work function of ITO and TAgT on glass measured by Kelvin Probe are 4.3 eV and 4.9 
eV, respectively. MoO3 is reported as a n-type semiconductor and its work function is 5.4 
– 6.9 eV 142-144, 149-151, which is higher than the work function of both ITO and TAgT 
electrodes. As a result, Ohmic contact is expected at ITO/MoO3 and TAgT/MoO3 
interfaces. The sheet resistances of anode/HTL are Table II, which can be an implication 
of the contact between HTL and anode. First of all, the anode/MoO3 films have almost 
the same Rs as the anodes. This indicates 14 nm MoO3 on ITO and TAgT barely impacts 
the resistance of ITO and TAgT, and ohmic contacts are formed at ITO/MoO3 and 
TAgT/MoO3 interfaces. Due to the low sheet resistance of TAgT anode itself, the 
TAgT/MoO3 film has a lower sheet resistance than ITO/MoO3 film, and this is consist 
with Rs of their corresponding OSC. Considering TAgT+MoO3 and ITO+MoO3 devices 
has the same MoO3 HTL layer in contact with active layer, the contact barrier between 
HTL and active layer should be similar in those two devices. As a result, the lower Rs in 
TAgT/MoO3 device is mainly due to the low sheet resistance TAgT anode, and 
contributes to its higher Jsc, in comparison of ITO/MoO3 devices.   
Table 6.2 The sheet resistance for ITO, TAgT, and anode/HTL films. 
Anode HTL Sheet 
resistance 
(Ω/sq) 
ITO N/A 20.3 
TiO2/Ag/TiO2 N/A 4.4 
ITO PEDOT:PSS 20.7 
TiO2/Ag/TiO2 PEDOT:PSS 24475 
ITO MoO3 19.1 
TiO2/Ag/TiO2 MoO3 4.2 
 
With the PEDOT:PSS as the HTL, the extremely high sheet resistance of 
TAgT/PEDOT:PSS confirms that attacking of PEDOT:PSS to TAgT anode. The sheet 
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resistance of ITO/PEDOT:PSS film is same as the individual ITO film, but is higher than 
the sheet resistance of TAgT/MoO3. However, the Rs of ITO+PEDOT:PSS device is 
lower than the Rs of TAgT+ MoO3 device. The lower Rs in ITO/PEDOT:PSS device is 
most likely attributed to the better contact at PEDOT:PSS/active layer interface than that 
at MoO3/active layer interface. It is known that the work function of PEDOT:PSS is 
between ITO’s work function and HOMO of P3HT 152, as a result, it can adjust the 
energetic barrier between active layer and the electrode, and enables a sufficient hole 
extraction 70. On the other hand, due to the high work function of MoO3, it is believed 
that the band bending of HOMO at MoO3/organic interface enables the hole extraction 
from HOMO to the electrode 142-145. However, it is reported that as-deposited MoO3 is 
not efficient to achieve favorable energy alignment and enhance the hole extraction due 
to the limited amount of intrinsic oxygen vacancy defects 144.  It is believed that 
generating oxygen vacancies in MoO3 can enhance the hole extraction from the donor 
HOMO to electrode 144. The more oxygen vacancy defects in MoO3 can extend and 
broaden the energy range of defect states near Fermi level, as a result, the energy 
alignment between the defect states in MoO3 and the HOMO of P3HT become favorable 
for the hole injection from P3HT to defect states and being collected by the electrode 144, 
145.  However the generation of oxygen vacancy gap states in MoO3 film need annealing, 
and the intrinsic defects in as-deposited MoO3 is not sufficient 
144. Similarly, the as-
deposited MoO3 in our case, due to the lack of oxygen vacancy defect generation, cannot 
offer a favorable energy alignment and sufficient hole extraction as the PEDOT:PSS 
does. This results in relatively higher Rs in the MoO3 based devices.  The better contact 
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at PEDOT:PSS/active layer interface enables the eventually lower Rs in 
ITO+PEDOT:PSS device even though ITO anode has a higher sheet resistance. 
6.3.3 HTL Wettability Effect on Active Layer Thickness 
It is reported that increasing the active layer thickness is possible to enhance Jsc 
value, because thicker polymer film enables more light absorption 62, 65. However this 
enhancement will be terminated or even become worse when the thickness is beyond a 
certain value 62, 65. This is because the photo-generated electrons and holes cannot reach 
the electrode before recombination if the active layer is too thick 62, 65. The typical 
thickness of active layer is 100-300 nm 62, 65. The different underlying HTL might result 
in different active layer thickness, which in turn affects Jsc. As a means to validate this, an 
active layer is spin-coated onto three different substrates (ITO/PEDOT:PSS, ITO/MoO3, 
TAgT/MoO3) using the same process conditions and each active layer thickness 
measured using profilometer. The variability chart of the active layer thickness are shown 
in Figure 6.2. The active layers spin-coated on different HTLs do have different 
thickness. The active layers spin-coated on MoO3 HTL shows the same average thickness 
(205 nm) regardless of anode. As a result, active layer thickness has nothing to do with 
the higher Jsc in TAgT+MoO3 device than that of ITO+MoO3 device. It is noticed that the 
average active layer thickness is higher (282 nm) when it is spin-coated on 
ITO/PEDOT:PSS. This thicker active layer on ITO/PEDOT:PSS probably contributes to 
the higher Jsc of ITO+PEDOT:PSS device, in comparison with ITO+MoO3 and 
TAgT+MoO3 devices. 
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Figure 6.2 The variability chart for active layer thickness on ITO/PEDOT:PSS, 
ITO/MoO3 and TAgT/MoO3 films. 
To further validate that statement, we intentionally spin-coated active layers with 
similar thickness on ITO/PEDOT:PSS, ITO/MoO3 and TAgT/MoO3 substrates, 
respectively. All the active layers were spin-coated using 600 rpm for 5 min. For 
comparison, the control sample’s active layer is spin-coated on ITO/PEDOT:PSS using 
original recipe (at 600 rpm for 1 min). The active layer thickness and device parameters 
of each OSC are listed in Table 6.3.  When the active layer thickness of the 
ITO+PEDOT:PSS device is reduced after 5 min spin coating its PCE and Jsc are 
significantly reduced in comparison with 1 min spin-coated active layer. This indicates 
that the active layer thickness does play an important role in PCE and Jsc, and thicker 
active layer in ITO+PEDOT:PSS device contributes to higher PCE. With the similar 
active layer thickness in ITO+PEDOT:PSS, TAgT+MoO3 and ITO+MoO3 devices, PCE 
and Jsc of the ITO+PEDOT:PSS device are even smaller than those of TAgT+MoO3 
device, but larger than those of ITO+MoO3 device. This indicates that the combination of 
TAgT anode and MoO3 HLT is promising and the PCE can be potentially further 
improved if a uniform and thicker active layer (240 ~ 300 nm) can be achieved.   
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Table 6. 3 Device parameters and active layer thickness for 
anode/HTL/P3HT:PCBM/LiF-Al solar cells with ITO and TiO2/Ag/TiO2 as 
the anode and MoO3 and PEDOT:PSS as HTLs 
Anode HTL Spin 
Coating 
duration 
(min) 
Active 
layer 
thickness 
(nm) 
Voc 
(V) 
Jsc 
(mA/cm2) 
FF 
(%) 
PCE 
(%) 
Rseries 
(Ωcm2) 
Rsh 
(Ωcm2) 
ITO 1 243 0.58 7.81 0.56 2.53 2.53 16.28 329.95 
ITO 5 193 0.51 5.59 0.42 0.42 1.21 24.15 196.17 
ITO 5 198 0.55 3.98 0.54 0.54 1.18 19.40 560.89 
TAgT 5 191 0.55 7.37 0.46 0.46 1.84 23.18 352.63 
 
To find out the reason for active layer thickness dependence on the HTL, the 
roughness and wettability of two different HTLs are further studied. The polymer blends 
(P3HT:PCBM) contact angle measurement is done on ITO/PEDOT:PSS, ITO/MoO3, 
TAgT/MoO3 films and their average contact angles are 12.3
o, 16.2o and 15.7o, 
respectively. First of all, all the films have good wettability for polymer blends. 
PEDOT:PSS has a slightly better wettability than MoO3. We believe this better 
wettability of PEDOT:PSS results in the thicker spin-coated active layer on 
ITO/PEDOT:PSS substrate as mentioned in Table 6.3. ITO/MoO3 and TAgT/MoO3 films 
have the similar wettability since they are using the same HTL. The similar wettability 
also implies that the underlying anodes barely have any effect on the wettability of 
MoO3. The AFM images and cross-section profiles are shown in Figure 6.3. The RMS 
roughness of ITO/PEDOT:PSS, ITO/MoO3, TAgT/MoO3 films are 1.45 nm, 0.56 nm and 
1.55 nm, respectively. The ITO/PEDOT:PSS and TAgT/MoO3 has the similar roughness, 
and ITO/MoO3 has the smallest roughness. This indicates the roughness of those films 
does not correlate to their wettability in this case.  
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6.3.4 Anode Effect on Light Absorption in The Device 
As discussed in previous section, TAgT+MoO3 devices shows higher Jsc than 
ITO+MoO3 device. We ruled out the effect of active layer thickness on Jsc in those two 
structures, and demonstrated the low Rs of TAgT+MoO3 device contributes to its high Jsc. 
In this section, the impact of anodes’ transmittance on light absorption of the devices and 
Jsc are studied. In our previous study, TAgT has lower light transmittance (89%) than ITO 
(96%) 139, and their different transmittance can potentially impact the amount of light 
absorbed by devices. The absorption of anode/MoO3/P3HT:PCBM/LiF-Al were measured 
by UV-Vis to investigate the effect of anodes on light absorption of OSC.  
 
 
Figure 6.3 AFM images (2 μm  2 μm scan) for (a) ITO/PEDOT:PSS film, (b) 
ITO/MoO3 film, and (c) TAgT/MoO3 film and cross-section profiles for (d) 
ITO/PEDOT:PSS film, (e) ITO/MoO3 film, and (f) TAgT/MoO3 film 
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Figure 6. 4 Absorption spectrum for absorption spectrum for 
anode/MoO3/P3HT:PCBM/LiF-Al and solely P3HT:PCBM/glass, (b) EQE of 
anode/MoO3/P3HT:PCBM/LiF-Al, (c) IQE of 
anode/MoO3/P3HT:PCBM/LiF-Al 
Figure 6.4 (a) shows the absorption of Anode/MoO3/P3HT:PCBM/LiF-Al and 
solely P3HT:PCBM/glass. The light mainly absorbed by P3HT:PCBM layer is in the 
wavelength range of 400 nm to 600 nm. The absorption spectrum of ITO+MoO3 device 
and TAgT+MoO3 device in this wavelength range is quite similar, and their average 
absorption in this wavelength range are 89% and 87%, respectively, which only is 
slightly different. This indicates that the different light transmittance of those two anodes 
does not significantly impact the amount of light being absorbed by the device. Since the 
two devices has the similar light absorption, their different Jsc cannot be attributed to the 
different light transmittance of anodes, but is related to the extent of quantum efficiency 
of absorbed photon in the devices. The internal quantum efficiency (IQE) indicates the 
how efficiently the absorbed light are converted to the electricity and collected by the 
electrodes. IQE can be calculated by measuring external internal quantum efficiency 
(EQE) and light absorption spectrum. The IQE for ITO+MoO3 and TAgT+MoO3 devices 
are compared in Figure 6.4 (c). The lower EQE and IQE in ITO+MoO3 devices indicate 
its inefficient photo-carrier generation and inefficient collection of photo-carriers. This 
give rise to its lower Jsc than that of TAgT+MoO3 device. In a word, the transmittance 
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difference in ITO and TAgT anodes are not responsible for their different Jsc, but the 
higher photon generation and collection efficiency of TAgT+MoO3 device result in its 
higher Jsc than ITO+MoO3 device.   
6.4 Conclusion 
TAgT as an alternative of ITO, is successfully incorporated into OSCs. The 
compatibility of two different HTLs (PEDOT:PSS and MoO3) with TAgT anode are 
studied. To compare the performance of TAgT anode with ITO anode, ITO based OSCs 
using PEDOT:PSS and MoO3 as HTLs are fabricated at the same time as control 
samples. When using PEDOT:PSS as HTL, PCE of TAgT based OSC is worse than that 
of ITO based OSC. This is because TAgT is very vulnerable to PEDOT:PSS’s attack, 
which results in an extremely high sheet resistance in TAgT after PEDOT:PSS 
deposition. However, when MoO3 is employed as HTL, MoO3 form ohmic contact with 
both ITO and TAgT anodes. TAgT+MoO3 device has better performance than 
ITO+MoO3 device. This is attributed to lower sheet resistance of TAgT anode than that of 
ITO anode. The different light transmittance of the two anodes does not have an impact 
on the device’s light absorption and PCE. As a result, MoO3 as HTL is more compatible 
with TAgT because it does not attack the metal oxide in TAgT and forms ohmic contact 
with TAgT. 
It is noticed that the average PCE of ITO/PEDOT:PSS/P3HT:PCBM/LiF-Al is 
PCE is 2.65%, better than the average PCE (1.91%) of TAgT/MoO3/P3HT:PCBM/LiF-
Al. This is due to better hole extraction at PEDOT:PSS/active layer interface, in 
comparison with MoO3/active layer interface. In addition, the better wettability of 
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PEDOT:PSS surface and the resulting thicker active layer in ITO+PEDOT:PSS device 
contributes to the better performance in ITO+PEDOT:PSS. 
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7. THE ELECTROMIGRATION RELIABILITY CHARACTERIZATION OF 
PRINTED AG STRUCTURE FOR PHOTOVOLTAIC METALLIZATION 
APPLICATION 
7.1 Introduction 
Printed microelectronics have the potential for broad application and ease of use. 
This has been a driving force for significant advances in the inks that are used to print 
conducting lines. Such advances include lower sintering temperatures and lower 
resistances.153-156 For example, newer nanoparticle-based silver inks can be chemically 
sintered at room temperature using polyanionic compounds.157, 158 Despite these 
advances, very few industries outside of the photovoltaic industry have adopted silver 
inks for their metallization schemes and even fewer use drop-on-demand (DOD) printed 
inks in real-world applications.  This limited adoption of DOD printed electronics can be 
attributed to the limited availability of commercial-scale DOD printers capable of 
handling large production volumes with high resolutions and the high cost of DOD-
compatible nanoparticle inks. Reactive inks are a new approach to DOD printed 
electronics that are easy to synthesize and that often do not require high-temperature 
sintering.77, 78 Unlike traditional inks that print clusters of particles, reactive inks print 
chemical precursors that react to form a solid material.80, 81 These reactions can be 
initiated by elevated substrate temperatures (thermally), solvent or stabilizing agent 
evaporation (chemically), or by some increased catalytic activity of the substrate 
(kinetically).80, 82-88 Recent advances in silver,80 copper,81 and aluminum84, 89 reactive inks 
have brought the reaction temperatures of these inks to below 180 ˚C and to even room 
temperature for silver-diamine based inks.77, 90, 91 Compared to silver paste and 
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nanoparticle-based inks, these new reactive inks provide superior conductivities (that are 
close to bulk material values) at lower temperatures and significantly lower costs. 
Applications for reactive inks include printed electronics80, stretchable electronics78, 
photovoltaic metallization79 and more. 
The long-term performance of conducting lines that are printed with reactive Ag 
inks is currently unknown. This is because the most promising, low-temperature reactive 
ink chemistries for Ag, Cu, and Al are fairly new, with keystone publications having 
appeared only within the last few years 80, 81, 84, 91, 159. As a result, the relationships among 
processing parameters, printed physical structure, material properties, and long-term 
performance have yet to be studied in detail. Of particular concern is how the porous 
nature of silver that is printed from a reactive silver ink impacts its properties and 
reliability. Electromigration and Joule heating are two phenomena that contribute to early 
failure in electronic devices.  For a high-quality, solid material, electromigration 
generates voids that, due to current crowding, lead to localized Joule heating and rapid 
device failure.160 The failure time of metal lines due to electromigration is typically 
predicted by Black’s equation, which correlates the lifetime with the current density and 
temperature during the electromigration.161 Since reactive inks currently print porous 
materials with a large volume-fraction of voids77, these materials should experience 
earlier failure than conducting elements fabricated using traditional methods (DC sputter 
coating, evaporation, electrochemical deposition, etc.). However, no studies have been 
published that detail the performance reliability of these printed reactive inks under a bias 
(temperature or current). Initial stress tests of printed silver reactive inks showed 
lifetimes that were quite random and that were independent of the current density. A 
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deeper understanding of the relationship between morphology and failure mechanisms is 
needed before reactive silver inks can replace more established particle-based inks and 
pastes. 
In this work, we have studied the failure mechanisms of silver lines that were 
printed using a low-temperature, self-reducing, silver-diamine based ink (RSI). These 
studies demonstrated that Black’s equation does not suitably account for morphology-
induced current crowding when predicting the lifetimes of printed silver or other porous 
conducting elements. Overall, a model is needed that can take into account the effects of 
physical structure, mass-transport, and other degradation mechanisms that can impact the 
lifetimes of porous or “imperfect” printed electronic devices. In this work, we 
demonstrate that a percolation-based model (for predicting the electromigration failure 
time) is suitable for predicting the increase in resistance of porous conducting lines under 
a current bias. 
7.2 Experimental 
The base silver ink (that was used for this study) was prepared following Lewis’ 
reactive silver ink recipe.80 All of the chemicals were used as received: silver acetate 
(C2H3AgO2, anhydrous 99%, Alfa Aesar); ammonium hydroxide (NH4OH, 28-30 wt%, 
ACS grade, BDH Chemicals); formic acid (CH2O2, ≥96%, ACS reagent grade, Sigma 
Aldrich); and ethanol (EtOH, C2H6O, 99.5 wt%, Koptec). 1.0 g of silver acetate was 
dissolved in 2.5 mL ammonium hydroxide. The solution was then stirred for 2 minutes on 
a vortex mixer to dissolve the silver acetate. Next, 0.2 mL of formic acid was added in 
two steps with a quick stir at the end of each step. The ink was then allowed to sit for 12 
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hours in the dark at room temperature before being filtered through a 450 nm nylon filter. 
Following this, the ink was stored at 4 ˚C (refrigerator temperature) until it was used. 
A mixture of 0.5 M tin (II) chloride solution in DI water mixed 1:1 by volume 
with 0.5 M HCl was used as a sensitizing adhesion promoter 85 to keep the silver samples 
from peeling off from the glass substrate . The substrates were dipped in this solution for 
300 seconds and dried using N2. Silver reactive ink lines and contact pads were printed 
using a MicroFab Jetlab II micro-dispensing inkjet printer. Drop volume, velocity, and 
quality were observed using a horizontal camera and strobe light. The Jetlab II was 
equipped with an MJ-ATP-01 piezoelectric-driven printer head with a 60 µm orifice 
coated with a diamond-like coating to reduce wetting. The mean measured droplet size 
was 40 µm when printed with rise and echo driving voltages of ±25 V and dwell and 
echo times of 5 µs and 5 µs, respectively.  
Single-line test structures were printed using 1:1 EtOH:Ag ink on the glass 
substrates, at 78 oC. Each of the printed lines had a length of 5 mm with a pitch of 25 µm 
between droplets and a measured droplet diameter of 100 µm.  A Dektak XT stylus (12.5 
µm stylus tip diameter) profilometer was used to collect cross-section profiles across 
each sample. The cross-section area of each sample was calculated by integrating the area 
under the measured profile. 
The structures were then tested for reliability on a probe station (MC Systems Inc. 
Model 8832) equipped with a temperature-controlled hot stage. The samples were tested 
at an elevated temperature of 94 oC to accelerate the failure process. Since early failure 
modes occurred at the interface between the probe and the contact pad instead of at the 
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Ag line, conductive silver paint (Colloidal silver liquid, Ted Pella Inc.) was applied on 
the contact pads in order to increase the contact surface area and to decrease the contact 
resistance between the probe and the contact pads to avoid the failure at their interface.  
The samples were tested using two probes in contact with opposite pads. A constant 
current was applied across the probes using an Agilent DC power supply (N5752A) and 
the voltage drop between the probes was measured every 1 second using a Keysight 
digital multimeter (34461A) until an open occurred in the line. Several different current 
values were applied to study the failures under different current stresses.  
7.3 Results and Discussion 
Typically, the failure time of a metal line can be predicted by using Black’s 
equation: 161 
   (7.1) 
where AB is a constant, J is the current density in A/cm
2, n is the current-density 
exponent, Ea is the activation energy in eV, kB is Boltzmann’s constant and T is the 
substrate temperature in Kelvin. From Black’s equation, n can be extracted by fixing the 
test temperature and varying the current density.162, 163  
The printed Ag line has a porous microstructure. A representative cross-section 
secondary electron microscopy (SEM) image of an as-printed Ag line is shown in Figure. 
7.1(a). The micrograph shows that the printed Ag film is porous and not solid. Due to the 
porous microstructure, only the Ag component (in the printed line) carries the current. As 
a result, the actual current-carrying cross-section area is equal to the cross-section area of 
expn af B
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Ag (AAg) if the pores are taken out from the printed Ag sample and the sample is 100% 
dense (0% porosity) as a result. AAg is calculated by dividing the volume of silver used in 
each printed Ag line by the line length. Each Ag line was printed using the same known 
amount of silver. Therefore, AAg is 152 μm2 and it has the same value for all of the 
samples (the calculation of AAg is shown in supporting information). Next, the current 
density (J) is obtained by dividing the current (I) by AAg (to take into the account of 
current-carrying cross-section area). Six samples were tested using the same temperature 
but different current densities, until they failed.  Their failure times (𝑡𝑓) are plotted on a 
log-log scale, as function of current density (J), as shown in Figure 1(b). For this study, 
the failure time is defined as the time that Ag line breaks. According to Eq. (7.1), 𝑡𝑓 vs. J 
should be a linear function on the log-log plot and the current exponent n can be 
estimated by calculating the slope. However, it is evident from Figure 7.1(a) that the 
experimental results do not fall on a straight line as would be predicted by Black’s 
equation. 
 
Figure 7.1 (a) A cross-section SEM image of an as-imprinted Ag line; (b) Log tf as a 
function of Log J in printed Ag samples. Note that the data do not lie on a 
straight line as would be predicted by Black’s equation.  This indicates that 
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Black’s equation cannot be applied to materials where the actual current 
density is not well known. 
We suspect that the erratic lifetimes of the RSI printed Ag lines is likely due to 
the porous microstructure of the lines, and that Black’s equation cannot be used for these 
material systems because the equation assumes a solid cross-section for calculating the 
current density. This assumption breaks down for porous conductors because it does not 
account for current crowding in such porous materials.164-166 With this in mind, it is clear 
that failure models that account for porosity and morphology must be used when working 
with porous printed conductors. 
Percolation theory has been used to study the conductivity of carbon nanotube 
thin film networks 167. Similarly, to take into the account of the porosity of our printed 
sample, the conduction of this porous structure can be described by a standard (unbiased) 
percolation model.168, 169 The line can be viewed as a random network of insulators 
(voids) and conductive resistors (silver).168, 169 All of the resistors are assumed to have the 
same resistance, in order to simplify the model. Based on percolation theory, the 
resistivity (ρ) is a function of the void fraction, and is given by the following equation170 :  
   (7.2) 
where ρ0 is the pre-factor and is proportional to the metal’s bulk resistivity, and m is the 
percolation coefficient. The resistivity (ρ) of a printed Ag line is obtained from the 
measured resistance, the measured area and the line length. fV is the fraction of voids in 
the printed sample. 
Our measurements show that the measured cross-section areas are different from 
sample-to-sample, even though the lines were printed using the same amount of Ag ink. 
0(1 )
m
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This is an indication of the variation in porosity from sample-to-sample and even within 
the same sample. The porosity can be estimated by calculating the fraction of the voids in 
the sample (fV): 
   (7.3) 
where VAg and AAg are the volume and cross-section area if the printed Ag sample was 
100% dense (0% porosity), Vmeaured and Ameasured are the measured volume and measured 
cross-section area of the printed Ag sample as determined by profilometry, and l is the 
length of the printed Ag sample. 
The ρ and fV of several printed Ag samples were determined, to validate the 
percolation model on the printed Ag sample. The resulting ρ is plotted as a function of fV 
and can be fitted by Eq. 7.2, as shown in Figure 7.2. The values of 
𝑜
 and m were 
calculated to be 1.5110-5 -cm, and 0.91, respectively. Using a least-squares model, the 
Adjusted R-square of fit was 0.97.  Based on this fit, we conclude that the conduction 
pathways of the printed reactive inks can be described by the standard percolation model. 
Given that the conduction occurs via a percolation process, one would expect that 
the failure should also occur by such a process. When failure occurs by the standard 
percolative model, the damage would be uniform and dependent on a single test 
parameter.168, 169 In the case of electromigration, the failure occurs due to void formation 
and coalescence during the current stressing.160 The percolative model for predicting the 
electromigration failure has to be biased given that the failure is nonhomogeneous, and it 
depends on the position and time.168, 169 Monte-Carlo simulations have been used to 
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describe the evolution of resistance for biased percolation.168, 169 The scaling of the 
resistance as a function of time (𝑅(𝑡)) is given by: 
   (7.4) 
where 𝑅0 is the initial resistance, 𝛾 is a statistical variation factor which does not have 
physical meaning but is due to statistical variation during data collection, 𝑡 is time under 
bias, 𝑡𝑓 is the failure time and 𝜇 is the percolation parameter. 𝜇 is dependent on the 
current density and the temperature applied on the sample 168, 169.  
 
Figure 7.2 ρ as a function of void fraction (fV) from the printed Ag samples before EM 
testing.  Experimental fit of ρ = ρ0(1-fV)-m with ρ0 = 1.510-5 -cm  m = 0.91; 
the Adjusted R-square of fit was 0.97 using a least square fit method to fit lnR 
vs. ln(1- fV) in order to fit a linear line. These results show that the percolation 
model adequately models the conduction pathways for these materials. 
Two printed samples were tested under current densities of 2.63 MA/cm2 and 3.62 
MA/cm2.  Both samples were tested at 94 oC until an open-circuit was measured (i.e., 
failure). Their resistance as a function of time is plotted in Figure. 3. Given that their 
initial resistance and failure times are known, the 𝛾 and 𝑡𝑓can be extracted by fitting the R 
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vs. t curves using Eq. (7.4). A typical fit using Eq. (7.4) is shown in Figure 7.3. The 
extracted results and detailed parameters from the samples are listed in Table I. The 
results show that 𝜇 has the same value (of 0.012) when the samples have the same current 
density (of 2.63 MA/cm2). However, 𝜇 had a value of 0.048 when the sample was tested 
under a different current (of 3.62 MA/cm2). This result is consistent with the fact that 𝜇 
depends on the current density and temperature in the percolation model. The deviation 
of R from the fitting model between 2000-2500 sec is probably due to the evolution of the 
voids/pores in the printed Ag line. It has been proposed 171 that the resistance change 
depends on the void shape and the change in void volume, ΔR/R=f ΔV/V 171.The volumes 
and shapes of the local pores/voids in the porous Ag line are more likely to change due to 
current-induced mass transportation. This will cause a deviation of the R from the model, 
since the model does not take into account the effects of changes in the local voids. 
 
Figure 7.3 Resistance of printed Ag sample as a function of time for a current density of 
3.62 MA/cm2.  
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Table 7.1 The current density (J), void fraction (fV), initial resistance (𝑅𝑜), failure time 
(𝑡𝑓) and parameters (𝛾 and 𝜇) extracted by fitting Eq (7.4) 
Sample ID J (MA/cm2) fV 𝑅𝑜 𝑡𝑓 (s) 𝛾 𝜇 
a 3.62 0.926 4.75 3159 0.97 0.048 
b 2.63  0.960 4.13 43994 0.96 0.012 
c 2.63  0.955 5.00 342536 0.93 0.012 
 
The percolative model can be further modified to incorporate the void fraction. In 
the percolative model, R0, which is the initial resistance of the sample, can be related to 
the void fraction using Eq. 7.2. This can be be expressed as: 
   (7.5) 
Hence, the void fraction can be incorporated into Eq. 7.4, by using Eq. 7.5:  
  (7.6) 
Inspection of Eq. 7.6 shows that the porosity has a direct impact on the time 
dependent resistance during biasing at high current levels. In addition, the EM failure-
time and the reliability of printed lines can be predicted using percolation theory. Future 
work will focus on the use of Eq. 7.6 to experimentally demonstrate that for similar 
structures (i.e., similar metals and with similar porosity) that are undergoing EM 
degradation, the exponents m and n can be accurately extracted from a small population 
of samples. 
7.4 Conclusion 
Ag metallization structures were printed by using reactive Ag ink. The reliability 
of the printed single-line Ag structure were tested through EM. The test results were first 
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analyzed using Black’s equation. However, J vs. t did not follow Black’s equation. SEM 
analysis showed that the printed Ag lines are porous. These results indicated that it is 
inappropriate to apply Black’s equation to porous structures. In contrast, the conduction 
in the porous Ag line was successfully described by using percolation theory. Therefore, 
we expected that the percolative model should be able to describe the failures of the 
porous printed Ag lines. Our analysis shows that R vs. t can be fitted well by the 
percolative model. A dependence of 𝜇 on current density is observed in the experiment. 
This further supports the hypothesis that the percolative model is valid for describing 
failures of porous printed Ag lines. A model that links the physical structure and mass-
transport to the lifetime is obtained by modifying the percolative model. 
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8.  FUTURE WORK 
TAgT has been proved to be a beneficial anode to conventional P3HT:PCBM 
BHJ solar cell, and we are interested in applying it to the inverted BHJ solar cells. In 
inverted BHJ OSC, the high work function metal is used as the top anode and transparent 
conductive film is used as the bottom cathode172. The advantage of this structure is the 
high work function metal has less chance to be contaminated, in comparison to the low 
work function metal cathode in conventional OSC172. Moreover, due to the inherent 
vertical phase separation in the polymer active layer, the acceptor tends to segregate to 
the bottom. In conventional BHJ OSC, accepter tends to in contact with the bottom anode 
which cause the electrons lose their path to cathode and recombine with holes in the 
anode. However, inverted structure solve this problem by placing the cathode at the 
bottom so that acceptor tends to in contact with cathode. The electron transfer layer in 
inverted BHJ OSC is typically TiO2. If TAgT is used as the cathode in inverted BHJ 
OSC, the TiO2 layer in the electrode can also act as the electron transfer layer, this would 
reduce the fabrication steps and might also improve the light input into the organic solar 
cell.  
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